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INTRODUCTION. 



It is clear that an incompressible fluid like water, subject 
to no changes except freezing, which can easily be guarded 
against, must be a much better medium for transmitting 
power than an elastic fluid like air, which cannot be com- 
pressed without great increments of temperature corre- 
sponding to the increments of pressure. The absolute 
energy imparted to the air during compression is equal to 
the equivalent in work of the number of thermal units 
required to raise the temperature of the air to that due to 
adiabatic compression, and must therefore be wholly lost, 
if the air without doing work is cooled down to the 
original temperature of the free air. The work done by 
expansion down to atmospheric pressure after cooling 
corresponds to an equal loss of the absolute energy pos- 
sessed by the air before compression. , This cooling-down 
to the temperature of the medium surrounding the pipes 
is inevitable, when the air is transmitted to considerable 
distances, unless the pipes are coated with some non- 
conducting substance. Heat must also be lost in the very 
act of compressing the air. 

The whole work done in the cylinder of the air-pump 
during one full stroke consists of two operations. 

(1) Work done in raising the tension of the air to the 
required tension. 
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(2) Work done in forcing the compressed air into a 
receiver. 

In the following pages the work done in raising the 
tension of the air is called the work of compression, and 
the sum of the two items (1) and (2) the work of 
pumping. 

In nearly all the papers written in advocacy of com- 
pressed air for the transmission of power in preference to 
water, there occur the following fallacies which will be 
fully discussed hereafter. It has been stated — 

(1) That there is no appreciable loss of energy due to 
pipe friction. This conclusion is based on two errors, 
viz. the confounding of the absolute energy of compressed 
air with the sensible energy, i. e. the energy available for 
working motors, and the belief that th« rise in the 
temperature of the compressed air due to friction will 
practically compensate for the work done in overcoming 
friction. 

(2) That the energy lost by cooling can be restored by 
reheating, without entailing a still heavier loss. 

(3) That owing to the shock caused by the sudden 
changes in velocity in a heavy fluid like water, only small 
velocities are permissible. Instantaneom changes can 
never occur even where a single machine only is opera- 
tive, and the bursting force of the shocks can always be 
guarded against by using a well-charged air-vessel. This 
opinion, however, seems to be based on a misconception, 
viz. that the bursting effect of the shocks varies as the 
change of vis viva. In reality it varies as the change of 
momentum. 

(4) That greater power can be transmitted by air 
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compressed up to 45 lbs. pressure than by water up to 
800 lbs. The contrary is the case. This opinion is based 
on the assumption that the actual loss by pipe friction 
must necessarily be the same in both cases. In discussing 
questions of efficiency, however, we have only to deal with 
percentages. Thus, if we fix tlie limit of loss in trans- 
mission at five per cent, of the maximum pressure in each 
ease, the actual loss in the case of air at 45 lbs. pressure 
must not exceed 2J lbs., whilst in that of the water at 
800 lbs. pressure, it may be 40 lbs. 
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CHAPTER I. 

EFFICIENCY OF COMPRESSED AIR. 

All bodies whether solid or fluid are subjected to the Absolute and 

« , , , , rnu r xT_ indicated fluid 

pressure of the atmosphere. The mean pressure of the pressure, 
atmosphere at the level of the sea is 14 • 7 lbs. per square 
inch, and is equivalent to the weight of (a) a column of 
air at 32° F., 27,801 feet, or about 5i miles high, 
of uniform density, equal to that of the air at mean sea- 
level ; Q>) a column of mercury 29 • 922 inches high at 
32° Fahr., and 30 inches high at 62° F. ; (c) a column 
of water at 62° F. 33-947 feet, or nearly 34 feet high. 
When the pressures, to which fluids inclosed in a vessel 
are subjected, are ascertained by means of an ordinary 
pressure gauge, the reading of the gauge shows the 
difference between the total pressure and the pressure of 
the atmosphere at the time and place where the observa- 
tion is made. Hence in order to ascertain the total 
pressure to which the fluid is subjected, it is necessary to 
add to the reading of the pressure gauge the reading of 
the barometer. The reading shown by the pressure 
gauge is called the indicated, and the total pressure the 
absolute pressure. 

In analytical investigations the pressures are usually 

B 
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bsolute and 

dicated 

mperatures. 



delations 
etween the 



estimated in atmospheres, the equivalent of one atmo- 
sphere being a pressure of 14 * 7 lbs. to the square inch. 

The volume of air and all perfect gases subjected to a 
constant pressure is found to be increased by as nearly as 
possible 5^Y part of its volume for each degree Fahren- 
heit of increase of temperature, so that, if a thermometric 
scale be adopted in which the zero point of the Fah-* 
renheit scale corresponds with 461°, the volume of any 
given weight of a perfect gas at constant pressure will 
vary as the temperature indicated on the thermometric 
scale, whose zero point will be 461° below the zero point 
of the Fahrenheit thermometer. This scale has been 
called the absolute thermometric scale, and the tempera- 
tures measured by it the absolute temperatures. 

The temperatures shown by ordinary thermometers are 
called the indicated temperatures. 

In the Fahrenheit scale, the freezing-point, the tempera- 
ture of melting ice, is marked 32°, and the boiling-point 
of water under one atmosphere of absolute pressure 212°, 
so that there are 180° F. between the freezing and boiling 
points. In the Centigrade scale the freezing-point is 
marked zero, the boiling-point 100° ; and in the Eeaumur 
scale the freezing-point is marked zero, the boiling-point 
80°. These scales are usually denoted by the initial 
capital letter of their names, so that 

180° F. = 100° 0. = 80° E. 

The absolute temperatures of the freezing-points on 
the three scales will therefore be 493° F., 274° C, and 
219° K., respectively. 

When no other scale is hereafter specially mentioned, 
it must be understood that the Fahrenheit scale is always 
referred to. 

If p, t be the absolute pressure and absolute tempera- 
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ture corresponding to the volume v of a given weight of absolute pres- 

„ , . , , , 1 . 1 i_ sure, absolute 

air or any perfect gas, then, whatever may be the changes temperature, 
in the values of the three variables p, t, v, they have ofllilen^ 
been found to be, by careful experimental research, alwavs weight of air 

, under all 

connected by the following equation of relation : — conditions. . 

'pv = at, 

» 

where a is a constant. This relation is called the 

law of Boyle and Marriott. When the changes in the Adiabatic and 

relative values of the three variables are brought about by Jf^aneeri^n 

mechanical means in such a way that nothing is added to *he values of 

, , Pi Vy and U 

or taken from the total heat, which is equal to the sum of 
the sensible and latent heat, the changes are said to be 
effected adiahatically. When the temperature is kept 
constant by the addition or subtraction of heat the 
changes are said to be effected isothermallj. 

The heat requisite to raise the temperature of one lb. Specific heat, 
of water from 32° F. to 33° F. has been adopted as the 
thermal unit, and has been called the specific heat of water 
at 32° F. The number of such units required to raise by 
1° F. the temperature of any other body in any assigned 
condition, whether solid, liquid, or gaseous, is called the 
specific heat of that body under those conditions. 

In the case of gases the heat required to raise the tem- Specific heat 
perature of a given weight of gas by one degree F. at constant* 
constant volume and varying pressure is less than the joi«™eiess 

•^ o * than specific 

heat required to raise the temperature at constant pressure heat at con- 

_ . _ . . . ' J • 1 8*ant pressure, 

and varying volume, because the gas m expandmg does 
work which is accompanied by an equivalent loss of sen- 
sible heat. In the case of air the values of both kinds of 
specific heat are nearly constant for all temperatures, and 
are as follows : — 

Specific heat at constant volume . . . . ' 1688 
„ „ pressure . . * 2377 

b2 ^ 

/ 



f > 



y 
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Mechanical According to the result of Joule's experiments, the 

equivalent of . « i . i -i i « i i 

one thermal approximate Correctness of which has been confirmed by 
the researches of other scientific men, the number of foot- 
lbs, of work required to raise the temperature of one lb. of 
water at 32° F. one degree is 772 foot-lbs. This then is 
the approximate mechanical equivalent of one thermal 
unit. In honour of Joule it is denoted by the capital 
letter J. 

Relations Since experimental researches have proved that the 

between the ^ * ^ 

variables/?, t, v relation 

T^^""*^® pv = at 

changes are -^ 

efiected 

adiabaticaiiy. holds tnio for all valuos of the variables, whether the 
changes are brought about adiabaticaiiy or isothermally, 
the following relation 

pdv +'vdp = adt (a) 

must also hold true under all conditions when all the 
quantities vary. Also when v and t only vary, 

pdv =i adt, 

and when p and t only vary 

vdp = adt. 

If c, Tc, represent the specific heat at constant pressure and 
constant volume respectively, then the heat required to 
raise the temperature of one lb. of the gas d t degrees at 

C 7) d V 

constant pressure will be cdt =: — — , and at constant 

volume Tcdt := . Since in adiabatic compression 

and expansion no heat is either imparted or abstracted, 
the sum of these two must under all adiabatic conditions 
be zero, and the following adiabatic relations between the 
variables p and v must always exist, 

epdv -^kvdp =: Q. (b) 
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If we substitute in (a) for pdv its value from (b), viz. 
kvdp 



c 



, we shall get the relation 



but 



therefore 



c 


-i 
c 


• 

V 


vdp ^ 
at 

9 


adt; 




e — 
c 


k 


dp _ 
P 


dt 

t 



Integrating we get 



log«j) y = loge mt 

where m is a constant and 

specific heat at constant pressure 
"" specific heat at constant volume 

k" -1688 -^ ^' 

The value of this ratio has been determined in different 
ways. Solely, as above, by ascertaining experimentally 
the values of e and k and by calculations based on the 
results of experiments made to ascertain the velocity of 
light and sound. Many authorities prefer 1*401 for the 
value of 7. 
Equation (0) is equivalent to 

p y z= mt, 

and if, therefore, po Vq to be other adiabatic values of the 
variables, we have 



6 



TRANSMISSION OF POWER BY FLUID PRESSURE : 



Also, since 



Absolute and 
iensible 
energy of 
compressed 
air. 



pv=^-—=PoVolf) y 
to ypo / 



p'tfr = p^VQy := 8k constant. 

The absolute energy of a given weight of compressed air 
is equal to the energy that would be given out in ex- 
panding against pressure, whilst its temperature sinks to 
the zero point of the absolute thermometric scale. So 
long as the temperature of a given weight of air re- 
mains constant, the absolute energy is the same for all 
pressures. 

In expanding adiabatically to any absolute pressure p^ 
greater than zero from any pressures jpi, jpgj the energy 
given out in the two cases will be in the ratio of the fall 
of temperature. If T be the initial temperature common 
to the initial pressures pi, p^^ the final temperatures will 



be 



T (^*y 



and 



T \^^ y respectively, and the energy 



Pi/ \i?2/ 

given out in the two cases will be in the ratio 



1 - (^)^ 

the more nearly the final absolute pressure approaches 
the value zero, the more nearly will this ratio approach 
to its ultimate value, which is one of equality. 

In actual work, unless means are provided for pro- 
ducing a vacuum, the pressure po cannot fall below that 
of the atmosphere, and the energy given out during the 
fall to this pressure may be called the sensible energy of 
the compressed air. 

The author has not met with the terms absolute and 
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e energy in works on the use of compressed air, but 
their utility is at once evideut. 

In the diagram Fig. 1, let GH represent the initial Graphic 
absolute pressure before, and G- A after compression, F G- li," w"rk"" 
the original volume, F M the volume of compressed air at ^""^ '° . 
the temperature due to aiiiabatic compression, and FN 
its volume after having been cooled down to the initial 
temperature. 






Complete the parallelogram ADFG and draw HE 
parallel to G F. Through M N draw M B, N Q C meet- 
ing the line of initial absolute pressure H £ in the points 
and Q respectively, and the line of maximum pressure 
A D in the points B and C respectively. Then will 
NQ = MO = GH represent the initial, and N C = M B 
= G A the final absolute pressure. Draw the adiabatic 
curve H P B and the isothermal curve H P C. Then will 
the area BPHGM represent the whole work done in 
adiabatic compression, and the area C F H G N in iso- 
thermal compression. Since the work done by the air 
at the initial pressure is represented by the area 
H G M O in adiabatic, and H G N Q in isothermal com- 
pression, the net work done by the compressing engine is 
represented by the area BPHO in adiabatic, and by the 
area F H Q in isothermal compression. 
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8im]larly the whole work done after adiabatic com- 
"precision m forcing the compressed air into the leceiyer is 
represented by the area B M F D and after isothermal by 
N F D. Since the work done by the air in the corre- 
sponding periods is represented by the areas OM F E and 
Q N F E^ the net work done by the engine in forcing the 
air into the receiyer will be represented by the area 
BOED after adiabatic, and by the area CQED after 
isothermal compression. 

The work done by the engine in adiabatic pumping is 
represented by the area B P H E D, and in isothermal by 
the area C F H E D. The work done by the air in pomping 
is the same in both cases, and is represented by the area 
HGFE. 
Wttrkdtme Let PqVq to, PiViti be the absolute pressures, volumes, 

ccmipreMioo. and absolute temperatures of any given weight of air 
before and after compresrion from pressure po to pi and 
pvt the corresponding values at any point P in the curve 
of compression. Let Pi be a point contiguous to P, at 
which the pressure iap + dp. Draw P S K, Pi s K' cutting 
the line H E of initial absolute pressure in S and s and 
the line of volume GF in K and K' respectively, then 
will GK, GK' represent the volume swept out by the 
piston of the compressor, whilst the pressure is being 
increased from po to p and p + dp respectively. If these 
volumes be represented by V and V + d V respectively, 
the whole work done in raising the pressure of air from p 
top + dp will lie between pdY and (p + dp) dY, and 
when dp, d V are indefinitely diminished, will be equal to 
pdY, and the whole work done in raising the pressure 
from Po to pi to the integral 



r' pdY. 
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Now 

p {vq — Y)^ = pv^ — constant ; 
therefore 

(vo - V)" dp - yp (vo - V)'"' cZ V = 0; 
also, 

*o Po 

therefore i 

pdY = ^^'" " -^^^ = ^'^iPlAl 

y 1 

and therefore , 

dp 






=^ter-) '■ 



n. 
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The symbol E will in future be used to denote the ratio 
Pi -T-Po ot the final to the initial absolute pressure. 

The product po Vq is equal to the area H G F E, and 
therefore to the work done by the air in pumping. The 
product pi Vi is equal to the area B M F D, and therefore 
to the whole work of forcing the compressed air into the 
receiver. 

The total work done in pumping is equal to the whole Total work 

IT • • i«i»» 1 i/»ji 0.0116 in 

work done m compressmg, which is given by each of the adiabatic 
equations I., II., and III., plus jpi Vi, the whole work done p^™p*°«- 
in forcing the compressed air into the receiver, or to 

Pi Vi - PoVq 
7-1 
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Work done The work done by the engine is equal to the whole 

by the engine ._ _. ^^ i ' . i 

in adiabatic work dono durmg adiabatic pumping, less the work done 
pumping. i^y ^j^^ ^j^^ ^j^ ^^ ^^^ ^^^ jg therefore equal to 

y-1 +^^^^ 'PoVo = y { y^\ ) IV- 

so that the net work done by the engine in pumping is 
equal to 7 times the whole work done in compression. 
Work done The work done by the engine in adiabatic compression 

in adiabatic is cqual to the wholc work less that done by the air 
compression, represented by the area H G M 0, which is equal to 

HG.GM = HG(GF-FM); 
and 

F M = —: 

Now F N the volume under isothermal compression is 

equal to ?^—^, and therefore the work done by the air in 

Pi 
adiabatic compression is equal to 

and therefore the work done by the engine is equal to 

y-l 



PoVo(R " -1) 
7-1 






or to 









K 

7-1 
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and the ratio of this to the whole work done in compression 
will be therefore 



y-l 



7-1 



E ^ -1 



YL 



dY 



Since the work done by the engine in pumping is equal 
to 7 times the whole work done in compression, the ratio 
of the work done by the engine in compression to the 
work done by the engine in pumping will be equal to the 
above ratio divided by 7. 

Through P and Pi, Fig. 1, draw PF and Pi Pi' Work done 

1.11 . ^^ isothermal 

parallel to GF, meeting the isothermal curve m the compression, 
points F and P/, then will the pressures at P' and P/ be 
equal to the pressures at the points P and Pi in the 
adiabatic curve, and the work done in raising the pressure 
of the air from ^ to p + dp ultimately equal to p dp, and 
the whole work in raising the pressure from po to pi to the 

integral ^^ 

P 

J Po 

if V, V + d V represent the volumes G X, G X'. 
Now in isothermal compression 

p(Vo --Y) =r pv = PqVq = constant. 
{Vo-Y)dp - pdY = 0. 

Therefore pdY = P^'^^^P , 

p 

and the whole work done in compression will be equal to 

Po Vo logc f — j = Po Vo loge K VI. 

The whole work done in pumping isothermally is Whole work 
equal to the work done in compressing plus the work pump^g 

isothermally. 
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done in forcing the compressed air into the receiver, viz. 

PiVi. Since the temperature is always the same, the 

product pv ia constant for all values of p and v, and 

therefore pi Vi = po Vq, and the whole work done is equal 

to 

PoVolog^'R + PoVo. 

Work done by Since po Vq cxpresses the work done by the air, the work 

the engine •• i x i • • i x 

in isothermal doue by the engine is equal to 

pumping. 

Po Vo loge R, VII. 



Work done by 
the engine 
during com- 
pression. 



or to the whole work done in compression. 

The work done by the air during compression is equal 
to the area H G N Q, and is therefore equal to 

HG.(GF «rN)=^o(^o-^^*) 

\ pi / 

=^^0(1-5), 

and therefore the work done by the engine is equal to 

and the ratio of this to the whole work done in compres- 
sion and to the net work done by the engine in pumping is 



(log.E + l.-l) 



logeK 



VIIL 



•Comparison 

K)f the work ig equal to 



The work done by the engine in adiabatic compression 



done by the 
engine in 
adiabatic 
and isothermal 
•compression 
and pumping. 



JPo^o j 



y-JL 

R ' + 



7-1 



1 -7 

R^ 



) 



7-1 
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and in isothermal compression to 

2>oVo(log,R + ^ - l), 
so that the ratio of the latter to the former is equal to 

(7-l)(log,R + ^-l) 

The work done by the engine in adiabatic pumping ia 
equal to ^_^ 

«o«'«7(R ^ - l) 

— v^ — 

and in isothermal to 

2)0^0 log^B, 

so that the ratio of the latter to the former in 

(7-l)log,Tt 

^^^■^ ^^^■~~~' * 

y(ii' -1) 

Since the volume Vo is equal to the c/mUmiH of the air- Tha work 

compressing cylinder, it ha« the name vaUum for all u^!^f^4l,^u 

temperatures^ and therefore m long m the initial ifremnra J^uiTi lui 

Po remains unchanged the product pt, Vt, hi conntanU HUiiUi t^m^^fniurt^f 

the work done in compression ih e^^uai to *«,uiy i^^ th« 

r» 1 ' 
: »«!•<!«, 

|>(it?4; (E ^ — J) 'dAhdirdiU'JiUyf 

so long as tli« ratio K reumm ^^r^nndant ttie work ^hm^ in 
comprfrSi»ion 1um$ the isame ralu^^ lor alJ initial Uim\ntrHr 
tureg- Also «iioe tfa/e work done in forcing tii<? ojMiiifrinai^A 
Air into thif^ r^^r*;r*> it* ^^j'juaJ V> 

jj. t7j = //i y^j ji ' adiW/ati/AaJJy, 
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Effect of 
initial heating 
of the air by 
contact with 
the hot metal. 



The whole 
work done 
in perfect 
adiabatic and 
isothermal 
compression 
the same 
whether done 
in one or 
several stages. 



and to po Vo, isothermally, the value of this work is also 
independent of the initial temperature, so that the whole 
work of air-pumping is independent of the initial tempera- 
ture. 

Since the weight of the initial volume Vq of the air 
varies inversely as its absolute temperature, if the initial 
temperature ^o be increased by t, the weight of the com- 
pressed air will be to its weight, if the initial temperature 
had remained unchanged before compression, in the ratio 

^0 



of 



^ + ^0' 



Now both the sensible and absolute energy of 



air at constant pressure and temperature vary directly as 
its weight, and therefore the value of the energy after 
compression calculated on the basis of the final tempera- 
ture ^ -I- ifo being maintained must be multiplied by 
^0 



^1 + ^0 



in order to ascertain its energy after cooling to to. 



If we put t = ^ _ ^ we get 



m 



t 



mt( 



m 



ti + to ^1 + (m - 1) ^0 ^-^ 

The value of m cannot be determined experimentally on 
account of the rapid rate of compression, but it is not 
probable that the rise in initial temperature will be less 
than one-fourth of the rise due to adiabatic compressiou. 

In order to simplify the proof we may suppose the rate 
of compression to be the same at each stage, since if true 
in this case, it will be true in all cases. If, therefore, n 
be the number of the stages of compression, and R the 
ratio of compression at each stage, R** will be the final 
ratio of compression. If then pi Vi, p2 V2, &c., Pn-i'^n-u 
Pn ^n represent the products of the volumes multipled by 
the pressures after the 1st, 2nd, &c., 7^ — 1st and nth 
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compressions, the whole work done adiabatically on tho n 
compressions will be equal to the sum of the work of tho 
several compressions, or to the following divided by 7 — 1. 

Pi ^1 - Po Vo 

P2 ^2 — Pl^ly &c. 

_Pn-l^n-l - Pn--2Vn-2 
Pn'^n - Pn-lVn-l 



Total p^ Vn - Po Vo. 

Now ^^— ^^ — ^^^ is equal to the whole work done adio- 
7-1 

batically in one compression, and therefore the work <lono 

in adiabatic compression depends solely on the ratio of 

the final to the initial pressure, and is independent of th(5 

number of stages. 

In isothermal compression the work done at each Htage 

will be equal to po Vq log« B since 

P9V9 = PlVi = &C. = pn^lVn^l = /^„ V 

and therefore the fibolo of the work done in n «tag^^ will 
be equal to 

or to the work done in a idngie ni8i^f% Hiij/^; in i\th cm$^*, of ff'-i yif*^k 4*m 
adiahfttic pampiiig the n^ work Afft^h \fj tk^? ^'TtprUu'. in uZJ!X!%^. 
equal to 7 times, aul in that of Moth^^iial ^'j/fftprtTmu/ft 
euMcHj equal to, the vbole tr^rk d/^;«; in ^^//fftf/r^^/ti it$ 
each ca^e, tbe; tiet vcidk dobe l>f tt^ *^p%m in fmrnptft'/^ 
bj axiT loci&be^ of fta^^ in ^j"^ to tl^^ f^ n^/rk ^1/yr^; in 

life g?»at a^Ta^Ka^^ yimgtA t/j r^^^iih/^ ^//f^^ryt^^^^A ^Va^m-v*^ ^ 
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Vork due to 
lachinery 
riction by 
e^eral stages 
heoretically 
he same as by 
ne stage. 



''alucs of the 
rotiuct /)„ t)„ 
ad ff) io thu 



down to its initial temperatare after each stage of the 
compression. Air cannot in fact be compressed in one 
stage adiabatically to very high pressures, because the 
heat generated would interfere with the working of the 
compressor. 

If the total number of thermal units abstracted during 
the actual process of pumping by several stages is equal 
to the number abstracted during pumping by a single 
stage, the work done in partial isothermal pumping will 
be the same in both methods, but if, owing to the longer 
period occupied in pumping by several stages, a greater 
number of thermal units is abstracted than in pumping 
by one stage, the work of partial isothermal pumping in 
the latter case will be greater than in the former. 

As the total work done by the engine in both adiabatic 
and isothermal pumping is independent of the number 
of stages, the machinery friction ought theoretically to 
be independent of the number of stages, and in actual 
practice would be so to the extent to which the work due 
to friction depends upon piston pressure if the same sized 
compressors are used at each stage. The work due to 
friction in the motor-engine is however much less per horse- 
power in large than in small engines, so that the friction 
work overcome during several stages by separate engines 
would be much greater than by one stage. The best 
way to overcome this diflSculty is to use a series of com- 
pressors arranged " tandem " fashion driven by the piston- 
rod of a single engine, the size of the cylinders being so 
arranged that the volume of. the compressed air delivered 
by any compressor is equal to the contents of the cylinder 
of the succeeding compressor. The heat could easily be 
abstracted between each two stages by passing it through 
a coil of pipe surrounded by cold water. 

It is usual to take po equal to 14 '7 lb. to the square 
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inch, and to take a foot as the unit of measurement, so case of free air 

generally 
that adopted in 

PoVo==U'7x 144 vo foot-lbs. :,\7:,tl 

= 2116-8 Vo foot-lbs. 

The temperature of the free air is usually taken at 
60'' F., or 521° F. on the absolute scale. 

The specific gravity of the air at this temperature under 
a pressure of 14*7 lbs. to the square inch is '0764. One 
cubic foot of air under 14*7 lbs. per square inch pressure 
and 60° F. temperature weighs therefore • 0764 lbs., and 
1 lb. of air contains 13-09 cubic feet. 

The energy imparted to air by the direct application of Direct appiica- 

, , , . *• 1 A'T 1 M • • M- tionofheatto 

heat cannot m practice be utilised, except in conjunction impart energy 
with the work of an air-pump, unless it is alternately *°*^^' 
heated and cooled in the working cylinders of the motor. 
Heat alone therefore cannot be used as an agent for 
creating power to be transmitted to a distance. When 
used in conjunction with an air-compressor, the apparatus 
for heating the air ought to be placed close to the 
executive engine to prevent loss by conduction. 

The number of thermal units required to raise the Work done in 
temperature of 1 lb. of air in a closed vessel is equal to a closed vessel, 
the specific heat at constant volume, viz. -1688, and the 
mechanical equivalent is therefore equal to • 1688 J. 

When heat is applied to raise the temperature of the Work done in 

_,_._, . - . heating air in 

contained air subjected to the assigned pressure, the rise a vessel which 
in temperature is accompanied by an increase in volume, expansbn ° 
In expanding work is done equal to the increase in when subjected 

, , to any assigned 

volume multiplied by the pressure and the number of pressure. 
thermal units required to do this work and raise the 
temperature of one pound of air one degree is equal to 
the specific heat of air at constant pressure, viz. -2377, 
and the mechanical equivalent is therefore -2377 J, 
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The number 
of thermal 
units whose 
mechanical 
eqairalent is 
e^ioal to the 
work done in 
adiabatic 
compression. 



A comparison 
of the values 
of the work 
done in 
adiabatic com- 
pression given 
by the formula 
in the terms of 

given by the 
formula in 
terms of J, 
a means of 
comparing the 
accepted 
values of J 
and y. 



If after adiabatic compression the temperature of the 
air is reduced to its initial temperature the absolute 
energy of the air after cooling will be the same as before 
compression, no matter what the pressure after cooling 
may be. If reheated at constant volume to the temperature 
due to adiabatic compression, the whole of the energy 
imparted by adiabatic compression will be restored, and 
therefore the mechanical equivalent of the number of 
thermal units required to do this must be equal to the 
whole work done in adiabatic compression. The number 
of thermal units required to raise the temperature of the 
given weight of air ti — to degrees at constant volume is 
equal to the weight in lbs. multiplied by '1688 (^i — to), 
and therefore, when the free air is subjected to a pressure 
of 14 '7 lbs. to the square inch, and the initial temperature 
is 60° F., the work done in compressing any volume Vo will 
be equal to 
•0764 Vo X -1688 (t^ - ^ J = '0129 Vo (t^ - to) J 

= •0129vo(eV - 1)^0 J 

= 6-721 VoCeV -1) J. 

Since the value 521 for ^o corresponds with the indicated 
temperature of 60°. 

The approximate value of the mechanical equivalent of 
one thermal unit may be ascertained by comparing the 
value of the total work done in adiabatic compression 
given by the formula in terms of the pressure, volume, 
and 7 with that given by the formula in terms of J and y. 
Thus putting Vo = 1, we have, since ^o = 2116*8 lbs., 

-1) 



whence 



2116-8 (H Y 
7-1 



= 6-721 (Ry - 1) J, 



J = 



314-95 

ry- 1 



foot-lbs. 
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If 7 = 1 • 408, then J = 771 • 93 foot-lbs., a remarkable 
coincidence of results of experiments totally distinct in 
their nature, the value of J being determined by Joule 
from observation of the eflFect produced by mechanical 
agitation on the temperature of water, and that of 7 by 
the results of experimentally €iscertaining the values of 
the specific heat of air. If 7 = 1-401, then J = 785*4 
foot-lbs. 

It whe the weight of the volume Vq of compressed air at Heat required 
temperature to, its weight at any other temperature ^ + ^0 temperature 

... J. to the maxi- 

will be equal to ^ . V and the rise in temperature due to mum tempera- 

^ f ^ t^ * ture due to 

^ adiabatic coxof^ 

f tH. ^\ / X -I 1 , „ pression, the 

compression \ii y — IJ {t + to), so that the number of same for all 
thermal units required to raise the temperature will be perature™" 
equal to the product of the specific heat multipled by 



wtt 



{Uy - 1) (^ + to) = wto (r V - 1), 



and is therefore the same for all values of the initial 
temperature. 

When energy is imparted to the air by the direct All purely 

caloric air 

application of heat alone, the whole increase of energy is engines, apart 
due to the number of thermal units actually taken up by dueto*cond^* 
the air ; but when energy is imparted by mechanical com- *^?J^ °t^|?* *** 
pression, part of the increase of total energy is due to the necessarily un- 
work done by the pressure of the air on the back of the working. 
piston of the compressor. In the case, therefore, of ex- 
patisive working after mechanical compression, the work 
done in overcoming atmospheric pressure is simply equal 
to the work done in compression by the same pressure, 
and therefore during perfectly adiabatic compression and 
expansion the whole of the work done by the engine is 
utilised ; whilst in the case of energy imparted by heat, 
only the difference between the total energy imparted 

c 2 
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When heat is 
used in con- 
junction with 
an air com- 
pressor for 
reheating after 
isothermal 
compression 
the loss is still 
greater. 



and the energy expended in overcoming the resistance of 
the atmosphere is utilised. If the air is heated in a vessel 
capable of expansion, the energy expended in increasing 
the volume is given back again if the heated air is utilised 
adiabatically. In estimating therefore the energy wasted 
by the use of heat, we must use the value of the specific 
heat at constant volume. This is necessarily wholly 
wasted in all caloric engines, in which the motive power is 
produced by the alternate heating and cooling of the air. 

In the case of low pressures the work done by the air 
is nearly equal to the whole work done in compression. 
Even for a pressure of four atmospheres absolute, which is 
equal to a pressure of 44 lbs. per square inch indicated, 
the work done by the air is equal to the work done by 
the engine. See Column VI. Table I. 

In the case of steam the resistance of the air can be 
almost entirely avoided by condensing the exhaust steam, 
and the heat abstracted partly utilised by feeding the 
boilers with condensation water. Against these savings 
have to be set the work done in pumping the condensing 
water. Although the loss of absolute energy by cooling 
after compression is equal to the whole increase of absolute 
energy imparted both by the external air pressure and 
the engine power, it is only the loss of sensible energy 
which aflfects the economics of the question. By reheating, 
although we expend, without reckoning loss due to con- 
duction, energy equal to the whole absolute energy im- 
parted during compression, we get back in useful eflFect 
only the equivalent of the work done by the engine in 
adiabatic compression, and lose the whole of the sensible 
energy possessed by the compressed air after cooling. 
There will also, as in the case of compression, be a still 
further loss due to the impossibility of using the heated 
air adiabatically after heating. However close the heating 
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apparatus may be to the motor, some of the heat imparted 
a second time must be lost by conduction. 

The number of thermal units required to raise the VonAhU 
temperature of the compressed air is the specific heat at Ntiii'ttred durinK 
constant pressure. The diflFerence between this and the [„JI^i^ia?iu« 
specific heat at constant volume causes the volume to ofthnccim- 
increase, and the mechanical equivalent of the difforon(50 
is therefore utilised when the air is actually being used, 
but in the case of a single engine during the periods of 
cut ofi*, when the air is being worked expansively, tho 
effect of reheating is to do work against the air in tho 
supply pipe and force it back through the met^^r into tli(5 
distributing mains. When, therefore, reheating is a^lopt^^d 
a reflux valve ought to be used between the met(>'r and 
the heating apparatus and an accumulator weightc^l U) 
suit the maximum pressure provided. 

Since the percentage of effective wrjrk got out of the SwMMim% 
energy actually imparted to the air by reheating m wp v7^ljt,i,i \im 
insignificant (see Table VL), it in dear tliat reheating, ^'^ '""'^'"^ 
except by means of waste heat, ought n^ver Vf U; 
adopted. The only way in which the hum du/; U} tupftWup^ 
can be dinunished is to pump an nearly hh \ttmM\f\h a/liV 
batically, and to prevent f:f/ndnf^u/n of b/^ Vp tli/? ^M^iUm 
giuToiiiiding the eomyreM^/r arid diAtrit/fitiri^ f/ip^;# by 
coating these veil with n^/B»h wjtk^'/jtAtu^tWj^ tfiMU^rM, 

However opidiy the yrf^^f^m of Aif-^^/r/jj/f'^/i^ //#*y tpt^ l'*/^>#, «/>^*. 
effected, the tetaf^^^nttor^ ^A iite ^^VuA^ p^u\ $U nnrr^/fifA^ '^^^^^^ ^u 
in23 mu^ after a rerr *t//rt i^^'^/J ^4 n^/rk U ;i>//r/t 0^? ^'i^"^ '*^ 
flame ats tLu i^^ to ^r^^^^'^fh^ ^p thuA t*^^ //^/M t^'. 
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admit of this being effected. The nearest approach to 
isothermal compression is obtained by injecting sprays of 
water into the air cylinder. In Alpine regions^ where 
there is an tmlimited supply of water at a temperature 
very little above that of melting ice, a very near approach 
to isothermal compression may be effected by injecting 
sufficient ice-cold water into the cylinder of the com- 
pressor. In ordinary water-jacketed cylinders the water 
surrounding the cylinder always feels warm, L e. its tem- 
perature is higher than 80° F. The external surfSace 
of the metal of the cylinder is necessarily hotter than the 
water, the internal than the external, and the compressed 
air than the internal surface, 
lonomy of Where a sufficient supply of cold water can be obtained 

.6 1186 01 * 

iter for without cost by gravitation, the utmost use ought to be 

1 unieM?t*" ™^6 of this for securing the nearest possible approach to 
supplied by isothermal compression. The quantity of water required 
se of cost. to insure the isothermal compression of a given weight of 
air depends upon the relative temperature of the water 
and the air before compression. The temperature of 
well-water will rarely be less than 60°, the ordinary 
initial temperature of the air. The author has not been 
able to find any record of the quantities of water used in 
practice, and therefore cannot form an estimate of the 
advantage to be gained by its use when it has to be 
pumped. Column VII. Table I. gives the ratios of the 
work done in perfect isothermal to that done in perfect 
adiabatic pumping, and Column II. Table 11. the ratios of 
the estimated to the theoretical effective result, when 
allowance is made for initial heating. 

The most perfect cooling during the act of pumping is 
effected by injecting the water into the cylinder, but this 
will add largely to the moisture contained by the air, and 
therefore to the snow deposited when the temperature 
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during expansive working falls below the freezing-point. 
This increase in the quantity of snow will add greatly to 
the difficulty of utilising the sensible energy possessed by 
the compressed air. The diagrams taken during partial 
isothermal compression show that the increase of the 
temperature is ordinarily reduced to about one-half that 
due to perfect adiabatic compression, or the saving in the 
work done in the air cylinder eflFected by cooling for 
absolute pressures varying from 1^ to 15 atmospheres, v 

will vary from about 5 to 16 per cent. Water ought 
clearly never to be bought from a waterworks company 
for cooling purposes. 

Since the value of the product pv is the same for all Sensible energy 
values of p so long as t remams constant, the value ot isothermal 
this product after perfect isothermal compression cannot compareTwith 
exceed po Vq ; and the whole energy exerted during ex- *^« sensible 
pansion from the pressure pi to po will be equal to adiabatic com- 



PoVoll - -733] 



pression. 



7-1 ' 

SO that the sensible energy after adiabatic compression 

is equal to K > times the sensible energy after isothermal 
compression. 

The maximum eflFective work obtainable out of the Maximum 

•11 Pi n J. ' .^ 1 • '11 effective work 

sensible energy alter perfect isothermal compression will attainable out 
be equal to the diiference between the sensible energy and g^e^^y^^^^ 
the work done in overcoming the resistance of the 
atmosphere. This last is equal to the pressure of the 
atmosphere multiplied by the volume swept out during 
expansion. This volume is equal to the difference be- 
tween the volumes after and before expansion, viz. : — 



"{J^-i} 
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SO that the Tnaxinnim effective work realisable will be 
equal to 

/.I 11, 

PoVqII ■ + =5- 

^ I 7^1 ml R 

B y R y 

7-11 J^v"^ ^ )• '^- 

Maximnm The maximum theoretical effective work which the air 

effeSfye work ^ Capable of giving back after perfect isothermal pumping 
which the air jg equal to the sum of the maximum effective work at- 

18 capable of ■■^ 

giving back tainable out of the sensible energy, and the work done 

after iso- • i» • ^i i • • i ji 

thermal m lorcing the compressed air into the receiver, viz. 

(Pi - .Po) Po ^0 
Pi 

Since the whole work done by the engine in adiabatic 
pumping is equal to 

the ratio of the sensible energy to this is equal to 



pumping. 



\ R > / 



X. 



- 1 



'/(rV-1) 



and of the work done in forcing the compressed air into 
the receiver to the same 



(7-l)(l-^) 



XL 



-1 



so that the ratio of the maximum effective work realisable 



.all. xj:: r.. 



after isiatiiermal TOciTpni^ i< Titt vet dnni |v ^iv* wjp-nv 

1 — 



E - = T^ x;i 



E - -2 

After pwjring "daa iinr ^3&iiT fajfc;T jA^c »x>s«T5Nu 

1 
oompressiflD is €qTal ic -^ rr^e!^ li?*^ $i«r.:?;bi<* ^^ r^y 

after adiabadc coacpr^tsicc, shis iv?^uh is :f^^l;>\i\U*r»U 
because the isotheimal Tolume of ccMiipr\\^^\i air is ixjiu^l 

1 

to Y-i times its adiabatie volume. 

B y 

If v be the Tolume of eompressoil air admit tin! into tho lx:i»io »»i \\\^ 
cylinder of the executive engine, the oxj^iuuloil voluiuo is i!!!"','^,!" 
equal to M».»k»Mo 

1 tjulnMl fm- (hit 

— = R V, tl«n M\ I.I tho 

hill vhi'kn. 



R ' 

and this must be equal to v„, tho volnmo of tlio (fylintlcr, 
so that 

Vo~ '. XIII. 

is the reqoired ratio when the air is f!xpando<l U, ntmo 
spheric pressure. When the pres«nrf, atu-r fximmum m 
greater than that of the atmosphere, tho fall if. f..m,rf.r,.. 
tnre wiU be less, and if R, be the ratio of ox,,»„Hio„. ,,„<! 
the faU in temperature is equal to P por oz-nt. of fl,,. f„|| 
corresponding to the ratio R, tlK,n R, U„ .-„.d P ..HI U 
connected by the following? equation •- 

P /. 1 ^ , 
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whence 

^' ~ 7 EEJv^T XIV. 

V-oP + Cl- •oP)R " )"'' 

and the required ratio of admission is 

V 1 



Vo~ i XV. 

aiuation of We are now in a position to calculate the ratio of the 
B ormu as. theoretical maximum eflfective work realisable out of a 
given weight of compressed air to the actual work done 
in the cyb'nder of the air-compressor in adiabatic and 
isothermal pumping with absolute accuracy, the only 
unknown element being the exact value of 7. The 
diflFerence between the extreme values of 7 adopted by 
different scientific authorities is less than one-fortieth 
part of the maximum value. The divergence of the 
practical experimental values from the theoretical ones is 
due to the impossibility of insuring either perfect adia- 
batic or perfect isothermal pumping. The following is a 
description of the evaluations given in the columns of 
Table L 

I. The value of the ratio of compression. 

II. The indicated pressure in lbs. per square inch. 

III. The absolute temperature to which the air is 
raised by adiabatic compression, the initial temperature 
being 521° F. 

IV. The absolute temperature to which the air falls 
after isothermal compression during expansion to the 
initial pressure, the initial absolute temperature being 
521° F. 

V. The ratio of the minimum length of the stroke re- 
quired for the admission of the air to the full stroke 
for expansion to atmospheric pressure. 
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VI. The ratio of the work done by the engiDe in com- 
pression to the whole work done in adiabatic compresaion. 

VII. The ratio of the work done in perfect isothennal 
to that done in adiabatic pumping. 

VIII. The ratio of the work done by the engine in 
forcing the compressed air into the receiver during iso- 
thermal pumping to the whole work done by the engine 
in adiabatic pumping. 

IX. The ratio of the maximum theoretical effective 
work realisable ont of the seaaible energy after isothermal 
compression to the whole work done by the engine in 
adiabatic pumping. 

X. The Bum of the ratios in columns VIII. and IX. 

XI. The isothermal pumping ratio corresponding to 
the adiabatic pumping ratio in Column VIII. 

XII. Ditto in Column IX. 

XIII. Ditto in Column X. 



Tbe valoea of the ptessnree and the temperatarea are given to tl 
nearest integer. 



I. 


n. 


ni. 


lY. 


y. 


v.. 


VII. 


VIII 


IX. 


X. 


^i. 


... 


till. 




8 


584 


465 


■71 


17 


-qa 


■m 


■m 


■m 










15 


641 


424 


■KW 


HI 


■90 


■iw 


■IH 


■XI 


■70 


■SO 


■no 


3 


29 


714 


380 


■+« 


4(1 
















i 


44 


7H2 


.447 


■37 


+9 


■79 


■4a 


■v» 


■fi« 


■•■i* 


■?,9 




5 


59 


HK+ 


H2fi 


■Rl 


54 


■77 


■as) 


■n.t 


■flfl 


■m 


■8fl 


■HO 


6 


74 


gsc 


:-107 


■'/K 


5H 


■74 


■■■A% 


■•/.» 


■M 


■47 


■n 


■7fi 


8 


103 


9.1+ 


SN4 


■23 


KM 


■7.1 


■&\ 


■i^S 


■w 


■¥f. 


■HI 


.r^-^ 


10 


132 


101 f! 


m 


-m 


415 


■70 


■v:i 


■^^a 


■so 


■SR 


■33 


■71 


15 


■m 


1146 


'm 


■15 


71 


■<iti 


■as 


■23 


-le 


■33 


■34 


■67 



The ratios in Table I. refer only to perfect adiabatic CanBesof 
and perfect isothermal compression, which cannot he r™™ thrrai 
obtained in practice. Allowances have to he made for '"'''"!''" ^- ' 
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Initial heating 
of the air. 



Imperfect 

isothermal 

pumping. 



Percentage of 
sensible 
energy pos- 
sessed by the 
air after 
isothermal 
compression 
realisable. 



the eflfects of initial heating before compression and of 
imperfect isothermal pumping. 

If we assume that the increase in the initial tempe- 
rature of the air is equal to one-fourth of the increase due 

to adiabatic compression, the adiabatic ratios in Table I. 

4 

must be multiplied by 



y-l 



+ 3 



From the actual diagrams taken during pumping, it 
appears that the maximum increase in temperature is 
reduced by about one-half. We may therefore look upon 
the actual working ratio as a mean between the adiabatic 
and isothermal ratios. 

In order to admit of the utilisation of the sensible 
energy after isothermal compression means must be 
provided for dealing with the snow formed out of the 
moisture in the air. In the actual practice of refrigeration 
by means of the expansion of compressed air, it is found 
that with a pressure of about four atmospheres absolute 
the temperature of the air in the expansion cylinder 
rarely falls to — 55° below zero, although it falls by 
subsequent expansion to — 100° below zero in the freezing 
chamber. In the expansion cylinder the minimum tem- 
perature is therefore about 406°, or the fall from the 
initial temperature of 521° about 115° The temperature 
after expansion down to atmospheric pressure (see Table 
I. Column IV.) is 347°, or the fall 174°. Since the 
energy given out varies with the fall in the temperature, 
the percentage of sensible energy, which can be utilised 
in practice, is equal to 

115 

rp=T X 100 = 66 per cent. 

for this degree of compression. If we adopt this per- 
centage in all cases we must multiply the expansion 
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ratios in Table I. by 'Ge. For this percentage of 
utilisation, Ri the ratio of expansion is eqnal to 

E 



V66+ -34 R ^ P- 



air. 



66+ -34 R 

Since the pressure on the back of the piston can be Reasons why 
almost totally removed by condensing the exhaust steam, g^*^ ^j °' 
the steam may be expanded till its absolute pressure is expansive 

J IT r ^ working than 

fully 10 lbs. below that of the atmosphere. Owing also compressed 
to the greater specific heat of steam there is a much less 
fall in the temperature during expansion than in the case 
of air. Thus the temperature of the air in expanding 

j from a pressure of 44 lbs. to 14*7 lbs. falls from 521° to 
-p ! 347°, a fall of 174° ; whilst in the case of steam, in ex- 

' panding between the same limits of pressure the tempera- 

* ture falls from 274° to 212°, a fall of 62° 

Table II. — The following is a description of the 
evaluations given in the columns of Table II. : — 

I. The value of the ratio of compression. 

II. Coefficients to allow for the effects of initial heating. 

IIL The ratio of the minimum length of stroke re- 
quired for the admission of the air to the full stroke in 
expansive utilisation. 

IV. The ratios in Column IX. Table I. multiplied by 
• 66, and the ratios in Column IL Table II. 

V. The ratios in Column XII. Table I. multiplied by • 66. 

VI. The ratios in Column VII. Table I. multiplied by 
the ratios in Column II. Table II. 

VII. The ratio of the work done by the engine in 
adiabatic pumping to the work done in forcing the com- 
pressed air into the receiver after isothermal compression. 

VIII. The mean of the ratios in Column VI. Table IL 
and Column XI. Table I. 

IX. The ratio of the work done by the engine in partial 
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isothermal pumping to the work done in forcing the 
compresBed air into the receiver after isothermal com- 
pression. 

X. The sum of the ratios in Columns IV. and VI, 
Table II. 

XI. The ratio of the work done by the engine in 
adiabatic pumping to the whole efiectiye work realisable. 

XII. The sum of the ratios in Column XI. Table I. 
and Column V. Table II. 

XIII. The mean between the ratios in Columns X. and 
XII. Table II. 

XIV. The ratio of the work done by the engine in 
partial isothermal pumping to the whole efTective work 
realisable. 
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Tjpe of engine 
required for 
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vorking after 
isotheriDHl 



HacbiDerj 
friction and 
hat bj slip. 



In order that the air may be used for expansive working, 
it will be necessary to provide means for dealing with the 
snow. The engines must also be capable of admitting the 
air during the whole length of the stroka Ordinary 
stationary steam engines cannot as a rule admit the 
steam for more than one-third of the stroke ; such engines 
cannot, therefore, be worked with air at a less pressure 
than 200 lbs. to the square inch (see Column III. Table IL) 
unless the expansion gear is altered. 

The ratios in Tables I. and II. refer solely to the actual 
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net work done in the air cylinder. The motive power 
necessary to produce these results is always greater than 
the power actually expended in the air-cylinder, because 
it has to overcome machinery friction. In the case of 
large compressors of the best description the work done 
by the engine does not exceed the work done in actual 
pumping of air by more than 20 per cent., but is much 
greater when the compressor is small. There is also in 
all cases a certain amount of slip past the valves before 
they dose, and past the piston, so that taking both to- 
gether 25 per cent, is the least that must be added 
to the whole work done in the air cylinder to get the 
minimum working power of the engine. 

Since the power of the engine must be sufficient to do Margin of 

,, , « . . J n j»x» -x • 1 power required 

the work of air-pumpmg under all conditions, it is clear to cover pos- 
that the work done in adiabatic pumping must be made li^J^^i^uiatkm 
the basis of calculation, and the effective work must for of work and 

, to insure 

the same reason be taken to be equal to the work done in economical 
forcing the air into the receiver after isothermal compres- ^°' ^^^' 
sion. In the great majority of cases in which compressed 
air is used expansive working is impossible, and in no 
case is it possible unless either the air is reheated or the 
usual means provided for dealing with the snow formed 
during the expansive working of air at a temperature 
below the freezing point. 

In calculating the maximum engine power required we 
must use therefore the ratio of work done in the air 
cylinder to effective power produced given in Column VII. 
Table II. In designing pumping installations it is usual 
to provide engine power equal to double the maximum 
work to be done in the cylinder of the pump. If the 
increase in work due to machinery friction and loss by 
slip does not exceed 25 per cent., the power thus provided 
will have to the maximum work to be done the ratio 
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■rrnn = 1 ■ 6. or there will be a mai^n of 60 per cent., 

which is certainly not too much to cover risks of mistakes 
and insure economy of working. If the engines and 
boilers have to be pressed to anything like their ma;ximuni 
capacity, economical working is out of the question. If 
the increase in wort due to friction and loss by slip 
amounts to 50 per cent., the ratio of maximnm power to 

maximum work becomes yte = 1 '34. or there is only a 

margin of 34 per cent. 

The indicated power of the engine is denoted by the 

letters LH.P., and the effective result produced by H.P. 

IHP 
The maximum value of the ratio „ ' -, which gives the 

engine power to be provided, has in the following table 
been estimated to be double of the ratio in Column VIL 
Table II. This ratio may be called the safe ratio. 



Adiftbatio value of " „ ■' 
nithont exp&uHioa . . I 

Minimam working valuB of) 
I.H.P. _ . 
-TT-p Without expansion 

Miuimnm working vulue of] 
IHP. .^, 

with espansiou 



Vslne of the Sluce in actual practice of air-compressing it is found 
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half in partial isothermal compression, the value of the 

I H P 

working ratio Ij ' ' will probably be about a mean 

between the adiabatic and isothermal ratios, or will be 
equal to the ratios in Columns XI. and XIV. Table II. 
increased by the percentage due to machinery friction 
and loss by slip. If therefore we add 25 per cent, to these 
ratios we shall get the minimum possible working ratios 
of power to eflFective work when the air is used with or 
without expansion. They are the ratios given in Table III. 

In several of the cases, where compressed air is used, it Power 
is impossible to calculate the value of the effective work pu^p loo** 
which a eriven amount of compressed air can do, such as f^^^^ f^^^ °* 

° ^ ' free air. 

the work done in driving boring machinery, but it is 
known what volume of compressed air is required. The 
following table gives the safe and working I.H.P. required 
to pump 100 cubic feet per minute of free air compressed 
to pressures varying from 1^ to 15 atmospheres absolute. 
For ordinary work air is rarely compressed to more than 
5 atmospheres absolute, so that tlie table covers all the 
cases likely to occur. For pressures of less than 1^ at- 
mospheres absolute the work done in the air cylinder in 
pumping will be practically equal to the contents of the 
cylinder multiplied by the indicated pressure. When the 
air is used without expansion, as it nearly always neces- 
sarily must be, the effective work accomplished is equal to 
the work of forcing the compressed air into the receiver 
after having been cooled, since cooling to the temperature 
of its surroundings must necessarily take place before it 
is used. The effective work accomplished is therefore 
constant for all pressures, and is equal to 6*4 H.P. The 
horse-powers are given to the nearest H.P. in Table IV. 

The percentage of work realisable out of the whole Percentage of 

work 

potential energy imparted to the compressed air which realisable out 
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the whole remains in it after being cooled down to the initial tem- 

jj^ perature will vary with the distaDoe to which it has to be 

parted to traDsmitted and the nature of the work to be done. 
"""•■"sed 

TABLE IV. - 



ValuHofE 


ii 2 


i\ 


4 


s 


« 


^ 


10 


fl 


Efifactive H.P prodaoed .. 
LH.P. adiabatic'pm^pinB 


6i' (ij 
10 J2 
10 13 


14 

17 


til 
17 
HI 


15* 
19 


21 


«4 

24 
31 


lii 
27 
3fi 


32 
+4 




1(! 21 


26 


a4 


aw 


4a 


50 


5H 


71 



Withoat knowing the exact circiimstanceB of each case it 
is impossible to form an estimate of the ultimate efficiency. 
Taking account of executive engine friction, loss by fric- 
tion in the pipes, and leakage, it will not be safe to 
calculate on realising more than 60 per cent, of the 
potential energy possessed by the ait after cooling. We 
shall get therefore probably minimum values of the safe 

I.H.P. 
and working values of the ratio -„■„ when the H.P. 

represents the final effective work done by the executive 
engine, by dividing the values in Table III. by '6. In 
the following table the ratios are given to the nearest 
quarter of a unit. 

TABLE V. 



TolneofB 


u 


i 


s 


4 


5 


6 


8 


10 


15 


B,fe„,„.,^. .. 


^1 


Si 


6J 


83 


9i 


11 


13 


15 


19 


A„i.b..i„.,...figj 


2* 


Si 


■ft 


5i 


6 


7 


S 


^ 


llj 


Mininmra working value of j 
^!^- without Eipansion[ 


2S 


H 


3i 


4J 


5 


5i 


6i 


7 


»i 


Minimiiin wmklng value of i 


2* 


n 


3 


3i 


3J 


4 


a 


44 


5 
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The question of heat has already been so fully discussed Maximum 
that little more need be said, but we are now in a position ^rceuta^ge of 
to give in exact figures the maximum percentage of work *^® ^^^} 

, ^ o energy im- 

which can be got out of the absolute energy imparted to parted to air 

Dv tiie direct 

air by the direct application of heat, leaving out of con- application 
sideration all losses due to the conduction of heat. realisable 

The absolute energy of a given weight of air varies as 
its absolute temperature, and is therefore the same whether 
the rise in temperature is produced by compression or by 
the direct application of heat ; but in the latter case the 
whole increase is due to the applied force, viz. heat, 
whilst in the former it is only the increase in sensible 
energy which is produced by the applied power, and it is 
the sensible energy only which can be utilised. The 
ratios therefore in Column VI. Table I. multiplied by 100 
give the maximum percentage realisable out of the CLctiml 
energy imparted to the air at constant volume by heat, if 
there is no subsequent loss by conduction. 

After compression, the air, when cooled down to its Evaluation of 
original temperature, still possesses sensible energy, and net^rcente™ 
it is onlv the difference between the sensible energv pos- realisable out 

. &^ r of the absolute 

sessed by the air before and after reheatmg which would energy im- 
be imparted to the air by reheating. There is no evi- Tfr^by reheat- 
dence to show that a greater percentage of the expansive l^fthermai 
energy possessed after reheating, can be obtained in prac- pimping. 
tice than out of the sensible energy possessed by the cold 
air, if suitable means are provided for dealing with the 
snow. 

The ratios in Column IX. Table I. multiplied by 100 
give the percentages of the effective work realisable out 
of the sensible energy possessed by the air after cooling 
in terms of the work done by the engine in pumping, and 
as this is 7 times the whole work done in adiabatic com- 
pression, these percentages multiplied by 7 will give the 

D 2 
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percentage of the effective work realisable ont of the 
sensible energy poaseaeed by the air after cooling in terms 
of the whole wort done in adiabatic compression, i. e. in 
terms also of the number of thermal units required to 
reheat the air at constant volume. The following table 
gives the percentages of adiabatic and isothermal sensible 
energy, and the difference between them, which represents 
the maximum net percentage which can be got out of the 
absolute energy imparted by reheating when there is no 
loss by conduction of heat to other bodies : — 





TABLE TI. 
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energy imparted bj heat J 
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10 


17 


V.V. 
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»i) 


HK 
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rcalieable j 





















J The heat must necessarily be conveyed to the air by 
I the medium of the metal passages through which the air 
flows. Gas cannot be burned in the interior of an air 
receiver unless it is kept at a pressure slightly higher 
than that of the compressed air, or in other words it 
must be especially pumped. In heating, therefore, the 
losses by conduction must be very great and the efficiency 
of the heating apparatus very small. 
r' When the air is heated by compression, the thermal 
units lost by cooling are simply the equivalent of the whole 
work done in compression, that is, to the absolute energy 
imparted to the air, but by the process of heating it is 
only a part of the thermal units expended which are con- 
veyed to the air itself. In the case of compression, the 
loss due to machinery friction may be set against the loss 
due to conduction in the direct application of heat. The 
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value of the former loss can always be ascertained, that of 

the latter never. 

Unless the compressed air is used as fast as it is pro- Power cannot 

duced, it is only the energy given out by the air, whilst ^VaLTof ^m/ 
the pressure in the receiver falls from the maximum to pressed air. 
the minimum required to do the work, which represents 
the available stored-up energy. Its amount is necessarily 
very small. In addition to the increase in work entailed 
by compressing the air to a higher tension than is neces- 
sary, there will be a further loss due to cooling during 
expansion to the lower pressure before it reaches the 
executive engine. Accumulators cannot be used for 
storing up air at ordinary working pressures, because the 
volume required is too large. 

When air of a minimum pressure is required to do a Variation of 
varying quantity of work, it is necessary to keep it at ^uik heavy 
a pressure much higher than the minimum required to ^^steof 

A o ^ :i energy. 

do the work when the quantity of work is least, in order 
that the volume required when the quantity of work is 
greatest may be supplied by expansion. There is, there- 
fore, a loss similar to that sustained when power is at- 
tempted to be stored up for future use. When the 
variation in the rate of work is small, this loss may be 
obviated by the use of accumulators. 
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CHAPTER II. 



Fluids under 
pressure 
transmit 
power simply 
as fluid 
pistons. 



Machinery 
friction to be 
overcome in 
pumping 
elastic com- 
pared with 
that to be 
overcome in 
pumping 
incompressible 
fluids. 



EFFICIENCY OF HIGH PRESSURE WATER. 

When an elastic fluid is used for the transmission of 
power, no power can be transmitted until the minimum 
pressure required to do the work has been attained by 
actual compression. The investigations in Chapter I. have 
shown how costly is the work of first forming this fluid 
piston. When an incompressible fluid like water is used, 
this piston is already formed, and the whole of the engine 
power expended actually transmits power. 

The only difierence which can arise in the work due to 
machinery friction when expressed as a percentage of the 
tvhole work done in the pump barrel, must be caused by 
variation in piston friction work. If the work due to 
piston friction bears in both cases the same ratio to the 
total pressure on the piston, the whole work due to 
machinery friction will be the same in both cases, when 
the wlwle work done in the pump barrel is the same. In 
estimating, however, the value of the work due to friction 
in terms of the net effective result produced, measured by 
the product of the volume multiplied hy the pressure in each 
case, the percentage of work due to friction in the case of 
air will be equal to the percentage in the case of water 
multiplied by the ratios in columns VII. and IX. Table II. 
the adiabatic and partial isothermal ratios respectively. 
Before therefore we can compare the total work done in 
the two cases, it is necessary to investigate the question 
of piston friction. 
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Piston friction varies with the area of the rubbing Percentage of 

n • li i^'Tjiii 'lo piston friction 

surfaces in contact multiplied by the pressure per unit of fn terms of 
area. In similarly constructed pistons therefore the *^®*®*»i 

J ^ pressure on 

frictional resistance must vary as the diameters. When the piston 

independent 

leather packing is used, the unit pressure in question is of the pressure 

equal to the pressure of the fluid in the pump barrel, and ^ea?*^* 

in all cases it is proportional to it, so that, if F represents 

the resistance due to piston friction, p the pressure per 

unit of area in the pump, and d the diameter, we shall 

have 

where/ is a constant, the value of which varies with the 
nature of the packing. Since the total pressure on the 
piston is equal to • 78 ^ d\ the ratio of F to the total 
pressure is equal to 

fpd c 
'ISpd^^d' 

where c is a constant. The percentage, therefore, of the 
friction in terms of the total pressure on the piston is 
independent of the magnitude of the pressure per unit of 
area of the piston. 

In cylinders of different capacities, in which the ratio Comparison of 
of the length of stroke to the diameter is constant, the work^inTerms 
diameters vary directly as the cube roots of the contents pu^ped^^^™^^ 
of the cylinders. If therefore Fi Fg represent the piston 
friction work overcome in a single stroke, corresponding 
to the cylinder contents Vi, V2 respectively, we shall have 

When hemp or similar packing tightened by a gland is Value of piston 
used, the amount of the frictional resistance varies with friction, 
the tightness with which the gland is screwed down. 
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When metallic or leather packing is used, the frictional 
resistance is independent of the tightness of the gland 
screws, and therefore the results of experiments to ascer- 
tain the amount of this friction will be applicable to all 
cases. Since the friction between rubbing surfaces is 
greater when they are dry, than when they are wet, the 
friction per unit of area of piston packing, will cseteris 
paribus be greater in the cylinder of an air compressor, 
than in that of a water pump. Thus the resistance of 
leather on gun-metal is equal to 56 per cent, of the 
pressure when dry, and only to 36 per cent, when wet. 
Leathers ought not to be deeper than is necessary to 
secure the tightness of the packing. With very high 
pressures, therefore, a less depth in contact with the 
surface, which slides over the leather, will suffice than 
with low pressures. In any case half an inch in contact 
subjected to the pressure of the liquid will suffice, and 
the frictional resistance will be given by the following 
equation 

where /is the coefficient of friction. In the case of wet 
leather /= '36 and 

F = '57 pd. 

According to the result of experiments made by Messrs. 
Hicks of Bolton,* the value of F is given by the equation 

F='4:71pd, 

when the leathers are new, and by the equation 

F= '313 pd, 

when the leathers have been in use. The equivalent depth 
of the leathers in contact under full pressure must there- 

* Sec Spons* * Dictionary of Engiaoering/ article * Hydraulic Machines.* 



AIR AND WATER. 41 

•47 
fore have been equal to -^ X -5 = '4 in. They found 

also that the frictional resistance did not vaty with the 
depth of the leathers — a result which can only be ex- 
plained in this way, viz. that it is only the lips of the 
leathers, which actually press against the metal sliding 
over them, the rest being kept from contact by the 
pressure of the glands. If we adopt the values ascer- 
tained by Messrs. Hicks as reliable, the value of F 
expressed as a percentage of the total pressure, since 
the total pressure is equal to • 78 ^ cP, will be 

F = ^ for new leathers, 
a 

40 
F = -=■ f or used leathers. 
a 

In the case of small pistons a much less total depth of 
leather is necessary than in the case of large pistons to 
insure eflBcient working. With very high pressures and 
small pistons, a contact of one-quarter of an inch will 
suflSce, so that the corresponding values will be about one- 
half those given by Messrs. Hicks. 

In order to simplify the investigations, we will assume Total work, 
that the ratio of the length of the stroke to the diameter machinery 
is the same both in the air and water pump. Whatever ^^^*^*^®°» ^. ^ 

^ r ^* overcome m 

ratio is best in one case is best in the other, and there- pumping 

elastic com- 

fore the assumption is a legitimate basis for calculation, pared with 
Let the symbols explained in Chapter II. have the same overcome^n 
meaning, and let pumping 

° ^ ^ ^ incompressible 

D, dy be the diameters in inches of the water and air flui^^s when 

the enectivG 

pump respectively. result ex- 

m the ration of the length of stroke to the diameter, tei^^s^f "the 
P the maximum absolute pressure in the water pump v^^^^^^ <*^*^« 

■»• r r pressure 

per square inch. multiplied by 
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the volume 
produced in a 
given time 
is the same. 



V the volume of the water pumped. 
El the ratio P -r- ^i of the maximum absolute pres- 
sure of the water to the maximum absolute 
pressure of the air. 
r the ratio of the number of strokes made by the 
air pump to those made by the water pump per 
minute. 

Since Vi is the volume of the compressed air after iso- 
thermal compression, the condition of equality of effective 

work is 

YY =piVi =poVoy 

and we also have 



TT 



m D^ _ ^ _ i^i ^irrmd? 



whence 



El 4K1.E 



D = 



__ d\/r 



Now the work done by the engine bears in both cases 
the same ratio to the whole work done in the pump cylin- 
ders. In the case of the water pump, this whole work is 
equal to the sum of the effective work, and the work due 
to friction or to 



PV 



(i + §)=i'i«iU + 



d\^r 



) 



In the case of the air engine, the whole work is equal 
to the sum of the effective work, and fhe friction work 
corresponding with the effective work multiplied by the 
ratios in Columns VII. and IX. of Table II. for adiabatic 
and partial isothermal work respectively. Denoting 
these coefficients by the symbol Ci, the whole work done 
by the engine in air pumping will be equal to 
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if the piston friction constant, 0, is the same in both 
cases. Therefore the ratio of the whole work done by the 
air-pump engine to the whole work done by the water- 
pump engine will be equal to 

As air-pump engines usually make about four times as 
many strokes as water-pump engines in the same interval 
of time, we may adopt the value 4 for r. We may also 
regard the value 60 for C as one that will not be exceeded 
for wet leather packing in the case of the water pump, 
and we shall not prejudice the case of air by adopting this 
value. With these values of and r, the ratio is equal to 

G^(d+ -6) 



Since JR = — and Ei = — the product E . E, = — , and 

Po Pi Po 

is therefore independent of the value of piy the absolute 

pressure of the compressed air, and depends solely on the 

absolute pressure of the water. When Ei = 1, or the 

absolute pressure of the water is the same as that of 

the compressed air, the value of the ratio varies with 

the value of E. The following table gives the values of 

the ratio 

d + '6 

d+ -STTv^ETEi' ^- 

* 

for values of E Ei, varying from 1^ to 100 for 9 and 
24 inch pipes, the ratios being either that of the absolute 
pressure of the water to that of the free air ; or, when the 
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absolute pressure of the water is equal to that of the com- 
pressed air, the ratios of compression. 



TABLE VIL 



Value of RRi 

Value of P in lbs. per) 

square inoh j 

Value of A' for 9-inoh airi 

pump / 

Value of A for 24-inch air"^ 

pump / 



IJ 


4 


15 


30 


60 


22 


59 


221 


541 


882 


118 


1-00 


•97 


•95 


•92 


1^01 


l^OO 


•99 


•98 


•97 



100 
1471 

•89 

•96 



The coeflScieuts given in the above table are those by 
which we must multiply the ratios given in Columns VIII. 
and IX. Table II. to find the value of the ratio. 



"Work done in air pumping 
Work done in water pumping 



E. 



when the same eflFective result, leaving the sensible energy 
of the compressed air out of consideration, is achieved in 
both cases. The value of these coeflScients is so nearly 
equal to unity, that for all practical purposes the ratios in 
Table II. give practically the values of the ratio E- A 
reference to the formula and the evaluations shows that 
for all degrees of compression up to that which is equal 
to the ratio of the speed of the air pump to that of the 
water pump, the ratio E exceeds the corresponding ratio 
in Table II., so that the greater the speed of the air com- 
pressor the less the eflSciency, so far as this is aflfected by 
machinery friction. 
Safe and In the case of water the effective work done in the 

rf^the^ratk)"^* pump-cylinder, leaving friction of machinery out of 
consideration, is equal to the whole work done. If, there- 
fore, we adopt the same rule for determining the safe and 
minimum I.H.P. in the case of water, as in the case of air, 



I.H.P. 



in the* 



H.P. 

case of the 

pumping 

engine. 
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which the preceding investigations show that we ought to 
do, we get — 

I H P 
Safe value of ratio - ' ' ' = 2:1, 

Minimum working ditto, = IJ : 1. 

As in the case of air it is impossible to form any estimate Ultimate safe 
of this without knowing the kind of work which the high- y^iues of ratio 
pressure water has to perform. It will be proved in the LHJ!:. 
next chapter that the percentage of loss due to pipe 
friction in conveying the same amount of power is less 
than the same percentage in the case of air, so that if we 
adopt for the purposes of comparison the same value of 
the effective work obtained, viz. 60 per cent, of the power 
transmitted, we shall not err in favour of high-pressure 
water. "With 60 per cent, efficiency we get — 

I H P 

Safe value of ratio * ' = 3i : 1, 

Minimum ditto = 2:1 

for all pressures. 

The use of high-pressure water admits of the employ- Accumulators 

J. o ixi_ ni x»x for storage of 

ment ot accumulators, because a small volume oi water power and 
represents a great deal of power — leaving the sensible equalising the 
energy of the air out of consideration, 100 gallons of water engine 

- _ rv/\/\ 11 1 available, 

at from 800 to 900 lbs. pressure represent as much 
effective work as 2000 gallons of air at from 40 to 50 lbs. 
pressure. 

With accumulators the pressure remains constant, and, 
therefore, no work is wasted as in the case of air, which 
can only be used as a reserve power by storing it up in 
receivers, compressed to a much higher pressure than is 
necessary to do the work. 



46 TRANSMISSION OF POWER BY FLUID PRESSURE : 



CHAPTER III. 

RELATIVE ADVANTAGES OF AIR AND WATER FOR 

TRANSMISSION OF POWER. 

Pipe friction When an elastic fluid is forced through a pipe, the 
absduteasweU frictional resistance alone causes a loss of pressure, and 
as of seiisibie the work done by the air in overeominff frictional resist- 

energy in com- ^ ^ ^ ° 

pressed air. ance is equal to the mechanical equivalent of the thermal 
units lost by the fall in temperature, which is equal to 

( 1 — ( — )~ ) ^0) Pi being the absolute pressure, and ^o 

tlie absolute temperature before the air enters the pipe, 
and p the pressure at the point under consideration. 
The absolute energy after overcoming the work due to 
friction will be to the initial absolute energy in the ratio 

of 1 — I — )~ : 1 if no heat is restored. 
\piJ 

Temperature In accordance with the maxim that force is indestruc- 
throIi^rthT^^ tible, the energy lost by the air must have been given 
heat generated j^j^^j^ ^q itsclf, transferred to some other body, or partly 
given back to itself, partly transferred to some other 
body. It would in this instance be partly restored to the 
air by diminishing the loss of temperature due to expan- 
sive working, and partly expended in raising the tem- 
perature of the pipes. 
Original tem- If to is the Same as the temperature of the pipes and 
benjsToredby the body surrouuding them, the heat lost by the air after 
from"*^fpes expansion will be again restored to it, and the absolute 
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energy will remain unchanged, but the sensible energy but loss of 
will be to the initial sensible energy in the ratio of unavoidabk.^ 






When the air is used without expansion, the product p v 
will be equal to the product pi Vi, when the temperature 
is the same in both cases, but the work expended in the 
first instance in raising the air to the higher temperature 
will have been expended in overcoming pipe friction. 

Some authorities maintain that the frictional resistance Loss of head 
due to the flow of gases in pipes is independent of the friction^m^he 
density; but this opinion is clearly untenable, since not c*^®*^^**^- 
only must the skin friction of the air against the pipes be 
increased by the pressure, but also the friction between 
the molecules of the air. For very low pressures we may 
possibly, however, consider the frictional resistance to be 
practically independent of the density. The following 
formula, modified from one given in Box's * Treatise on 
Heat,' based on the assumption that friction is independent 
of the density, is easily evaluated. It is 



^ • 00016 Zi;2 



where 



H = head lost in inches of water ; 
V = velocity in feet per second ; 
I = length of pipe in yards ; 
d = diameter in inches. 

Conversely, if H represent the maximum available head 

for overcoming the friction due to a length of 1000 lineal 

yards, then 

V = 2-5v/dH. 
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In paper No. 2345, Vol. XCIII., of the 'Minutes of 
Proceedings of the Institute of Civil Engineers/ Professor 
Unwin gives a formula for the velocity of flow in which 
the efiect of the variation of pressure is taken into 
account. The formula is 



v = e^^; 



where 



V = velocity in feet per second ; 
d = diameter in feet ; 
I = length in feet. 

The coefiicient c has different values, which depend only 
upon the ratio of the initial to the final pressures, and 
not upon the difference of those values. The following 
values are given for c, corresponding to diflferent values of 

the ratio — : — 
Pi 

P 

Pi 

95 2085 

90 2912 

85 3518 

80 4007 

75 4418 

If the velocity of the flow were independent of the 
density of the air, the rate of flow would vary as the 
square root of the difference between the initial and final 
processes. It follows, therefore, that, if Professor Unwin 
is right in maintaining that the rate of flow is independent 
of the difference between the initial and final pressures, 
the resistance due to friction must also vary as the square 
root of the same difference, or as the square root of the 
density. 
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For the sake of comparison, we may take d = 1 foot, 
2)i = 58 • 8 lbs. the equivalent of four atmospheres absolute, 
and I = 8100 lineal feet. According to Professor Unwin's 
formula, the velocity per second for a fall of 5 per cent, 
in the pressure would be for all the values of pi equal to 
23*2 lineal feet. Since the absolute fall in pressure is 
equal to 2*94 lbs., the corresponding value of H is 
81 • 6 inches, and the velocity, according to Box's formula, 
would be 47 • 6 feet per second. The value of piy which 
gives the same value in both formulae, is 14 • 7 lbs., or is 
equal to the atmospheric pressure. For a pressure of 
four atmospheres absolute, the velocity, according to the 
formula of Box, is rather more than double the velocity 
according to the formula of Professor Unwin. 

Since water is incompressible, the density is constant Loss of head 
for all pressures, and the increase of frictional resistance ^ctio/Jn^tiie 
due to increase of pressure must be caused solely by the case of water. 
" skin " friction of the external film of water against the 
sides of the pipes, and will therefore affect the relative 
frictional values more in small than in large pipes. The 
author does not know of any experiments which have 
been made to decide the question of possible increase of 
friction due to increase of pressure, but in treating the 
value of the frictional resistance in both cases as indepen- 
dent of the pressure, we shall most certainly bias the 
computation in favour of air. Kutter's formulae for the 
flow of water are generally accepted as the most reliable, and 
are equivalent to the following, in which v is the velocity 
in inches per second and s the hydraulic inclination. 

Table A. — Fob Smooth Pipes. 
Pipes J in. to 2 J in. diameter .. .. v = 107 d'^ ^J s 



» 5 „ 10 „ 

» 10 „ 72 

„ 6 ft. to 400 ft. „ 



» =115d'Vs" 

V = 134 d' Vs" 

V = 166(I*V«" 

V = 250 ^Ji 
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Table B.— Fob MoDBHATELir Smooth Pipm. 


Pipes i in. to 2} in. dinmeter .. 


.. r= 63 d V 


^ 21 „ 5 


.. B = G8(fV 


„ 5 „ 10 


.. ti= TSd'V 


„ 10 „ 21 


.. i. = 100i(-V 


„ 24 „ 96 


.. B = 138<I'V 



„ 8 ft. to 100 ft. „ .. ,, B = 221 ^dt] 

For the purpose of comparing the transmitting powers 
of air and water, the author has used the mean of the 
Taluea given by Tables A and B. The larger values given 
by Table A for pipes of less than six inches diameter cor- 
respond very nearly with those given by Neville's for- 
mulas, which are based on the results of experiments with 
pipes of small diameter, and are, therefore, probably more 
nearly eon-ect than the lesser values corresponding to the 
mean of the values given by Tables A and B. Thus in 
the case of small pipes ample allowance will have been 
made for any possible increase of frictional resistance due 
to increase of pressure, 
t The bursting effect produced by a sudden stoppage of 
flow of the water varies with the sudden increase of pres- 
sure per unit of area caused by the sudden destruction of 
the momentum. This increase of pressure therefore is 
equal to the product of the sudden change in the velocity 
of flow multiplied by the mass of a column of water whose 
area is equal to the unit of area and length equal to that 
of the pipe, K we adopt a square inch as the unit of area, 
a column 144 feet long will contain one cubic foot of 
water and will weigh 62-5 lbs., so that the weight of 
any other length of column on lbs. will be equal to 

■ .. = ' 434 I where I is the Icnp-th in feet, and the 
144 ° 

tden increase on the pressure per square inch due to a 

g^dden change in the velocity per second will be 
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:*?i^|LIli!»)=. 0132 ?(.,-:;,) 

where Vi is the velocity in feet per second before, and Va 

after the sudden shock, and g the accelerating force of 

gravity per second. 

Since the extension or compression of an elastic material 

produced by a suddenly applied stress is equal to double 

the extension or compression caused by a gradually 

applied stress of the same intensity, the sudden increase 

of pressure must not exceed one-half of the difference 

between the proof and working stresses. The metal of 

the pipes ought always to be able to stand without risk 

of injury to elasticity a stress equal to double the working 

stress, so that, if P represents the working pressure in the 

pipes, we must have 

P 
•0132Z {vi — V2) not greater than ^ • 

When there are several executive engines utilising the sudden 
power, it is clear that the velocity of flow in the pipes fjiodty^of* 
cannot vary suddenly, since it is impossible that more flow impossible 

in practice. 

than a very small percentage will stop and start simul- 
taneously. In the case of one executive engine, the water 
will be flowing when the executive engine is at work, and 
stopping when it is at rest, but the change can in neither 
case be effected suddenly, unless the valve of the engine 
closes instantaneously. With slide valves this sudden 
changing is impossible. At the commencement of the 
stroke the gradual opening of the slide valve causes the 
velocity of flow to increase gradually, and its gradual 
closing stops its flow gradually. In any case, all risk of 
rupture due to sudden changes of velocity, where one 
executive engine only is used, can be obviated by using a 
well-charged air-vessel close to the executive engine. In 

E 2 
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designing inatallationa for transmitting power by means 
of high-pressure water, therefore, the question of the 
bursting effect of sudden stoppages of velocity need not be 
talien iuto consideration, because they cannot occur. 

If we were restricted to the use of cast iron in pipe- 
makiug, although there would be no difBculty in casting 
them of the requisite strength, the thickness of metal 
necessary would make them too heavy for use in laying 
mains, since the cost of transporting and laying them 
would be very great. 

Bessemer steel is, however, now so cheap that it ought 
unquestionably to be used for all high-pressure mains 
larger than six inches iu diameter, if not for the smaller 
sizes. If made of steel the metal of a pipe 24 in. diameter 
need not be more than one inch thick to stand a pressure 
of 800 lbs., since, when subjected to the proof test of 
1600 lbs. per square inch, the tensile stress on the metal 
would be less than 9 tons to tlie square inch. To insure 
a minimum of one inch, an average thickness of IJ in. 
would be suflcient. 

In comparing the costs of the pipes in the case of air 
and water, the actual cost of the piping per lineal yard 
ought not to be taken as the standard, but the cost per 
H.P. conveyed by the pipes. 

The calculations in the following table are based on an 
indicated working pressure of from 800 to 900 Iba. per 
square inch in the case of high pressure water, and of from 
40 to 50 lbs. for the air, the condition being that the loss 
of pressure due to friction is not to exceed 5 per cent, of 
the initial indicated pressure in a distance of 6000 lineal 
yards. In the case of water this would be equivalent to 
a hydraulic inclination of about 1 in 180, and the value 
of H would be the number of inches of water correspond- 
ing to a pressure of '37 lbs., or about 10 "3 inches, The 



J 
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columns in Table VII. contain the following particu- 
lars: — 

I. Diameter of pipes. 

II. Velocity in feet per second of the water. 

III. H.P. transmitted by water per minute equal to 
volume X 800 lbs. -r- 33,000 lbs. 

IV. Velocity in feet per second of the air. 

V. H.P. transmitted by the air without expansive work 
equal to volume x 44 lbs. -r- 33,000. 

VI. H.P. transmitted by the air equal to the sum of 
H.P. in Column V. and 66 per cent, of the effective sensible 
energy after cooling. 

VIL Eatio of H.P. in Column III. to H.P. in 
Column V. 

Vin. Katio of H.P. in Column III. to H.P. in 
Column VI. 

IX. Size of pipes for conveying by high pressure water 
the H.P. in Column V. 

X. Ditto in Column VI. 

XL Ditto half the H.P. in Column VI. 

XII. Maximum length in yards of pipe admissible 
without risk of damage by sudden stoppage of flow for 
working pressure of 800 lbs. per square inch. 

XIII. Ditto of 100 lbs. per square inch. 

The ratios in Columns VII. and VIII. give the ratio of 
the maximum price per yard of water pipes to air pipes, 
consistent with equality of cost per H.P. conveyed. 

The addition in Column VI. to the H.P. in Column V. 
due to realisable sensible energy, is equal to the H.P. in 
Column v., multiplied by the coefficient in Column IV. 
Table II. and divided by the coefficient in Column VIII. 
Table I. For absolute pressures of 4 atmospheres equal 
to 44 lbs. per square inch indicated, the multiplier is 
equal to • 33. 
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Let Qi Qa bfl the volumes conveyed by pipes of 
diameters l)i Dj, respectively, then must 



Vv 



Vq; 



if the hydraulic inclination is the same iQ both cases. 
Table VIL 



1. 1 11. 1 m. 


IV. 


V. 


VI. 


VII. 1 VIII. 


I.. 


X. 


IX. 


xri. 


XII. 


» 


1 


5 16 


14 


R 


11 


2 


1'S 


5!i 


^ 


2 


6700 


840 


4 


1 


8 3:^ 


Id 


16 


V,\ 


2 


I'R 


H 




500O 


700 


.■> 


V 








.fV 


2-M 


1-7 






H 


4600 


.Wl 


ti 


V, 


5 103 


20 


4.1 


lilj 


2-H 


l-V 


4} 


4¥ 




4000 


Ml) 


H 


fi 








IKJi 


2-4 










3200 


Mm 


10 


» 


6 4U8 




IBV, 


urM 


•/.■I, 


l-« 


V 






2H0O 


HM 


IM 


4 


658 


HH 


V.M 


H.SH 


V.-K 


\-\i 






7 


2500 


HOO 


\H 


.S 


2 I1S34 


.'!4 


KW. 


HKK 


■/.■■! 


'Ml 


12 


lat 




1040 ; 240 


24 


6 


4|.m 


4U 


1448 


1931 


'i-y 


a-2 


IC 


IVl 




1570 1 200 



A gradient of 1 in 180 corresponds with a fa!l of 42 lbs. 
in 6000 yards, or the initial indicated water pressure ig 
840 lbs. Similarly a fall of -37 lbs. in 1000 yards c 
responds with 2 " 22 lbs. in 6000 yards, or the correspondingf J 
initial indicated air pressure is 46 ■ 2 lbs. For this pressurtm 
the velocities given hy Professor Unmin' a formula are otdym 
equal to oiie-half those given hy Box's formula, and the 
diameters given in Column XI. are those of pipes, whinh 
will transmit the same horae-power with water at 840 Iba 
initial indicated pressure, that can be transmitted by air 
at 46 lbs. initial indicated pressure in pipes of the dia- i 
meters stated in Column I,, the horae-power in the case of J 
air being one-half of the maximum stated in Column YX., 
in which expansive working is allowed for, if Profeseorl 
Unwin's formula is correct 

In Table VII. the H.P. which can be transmitted byl 
water at 840 lbs, initial indicated pressure is compared 
with the H.P. wliich can be transmitted by air at 46 Ibe. 
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initial indicated pressure in pipes of the same diameter^ 
when the loss of pressure has the same percentage of the 
maximum pressure in both cases. In order to complete 
the comparison it is necessary to calculate the loss of pres- 
sure entailed by increasing the velocity of flow in the air 
pipe sufficiently to make the H.P. trapsmitted in both 
cases the same. It will simplify the calculations to adhere 
to 44 lbs. as the final indicated pressure, so that we have 
only to calculate the value of H necessary to make the 
volume of air transmitted equal to the volume correspond- 
ing to a loss of 5 per cent, of the indicated pressure multi- 
plied by the ratios in Columns VII. and VIII. Table VII. 
The following Table gives the initial pressures re- 
quisite and percentages of loss of head for the sizes of 
pipes given in Table VII. 

Table Vin. 





Air used without ExpanRion. 


Air used witl 


1 Expausion. 


Diameter or 








Pipes. 


Initial Indicated • Percentage of 


Initial Indicated 


Percentage of 




f*re88ure. Loss^ 


Pressure. 


Loss. 


3 


53 


17 


49 


10 


4 


53 


17 


50 


12 


5 


66 


21 


51 


14 


6 


56 


21 


51 


14 


8 


58 


23 


52 


16 


10 


59 


25 


52 


16 


12 


60 


26 


52 


16 


18 


61 


27 


53 


17 


24 


64 


31 


55 


20 



Since the absolute pressures are all in excess of the pres- 
sure due to four atmospheres ahsolute, if Professor Unwinds 
formula is correct, even with the initial indicated pressures 
and percentages of losses given in Table VIIL, the horse- 
power which can he transmitted hy air is less than half the 
horse-power which can he transmitted hy water at 840 lbs. 
initial pressure in pipes of the same size, with a loss of only 
jive per cent of the pressure. 
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In Older that the power capaljle of being transmitted 
by water at 840 lbs. initial indicated pressure, with a loss 
of only 5 per cent, of head, may be transmitted by com- 
pressed air with the same percentage of loss, in accordance 
with Box's formula, the initial indicated pressure must be 
for non-expansive working in the ease of 3 inch pipes 
92 lbs., and of 24-inch pipes 134 lbs., and in accordance 
with Unwin's, 185 lbs. and 264 lbs. respectively. The 
corresponding initial pressures for expansive working being, 
according to Box, 70 lbs. and 110 lbs., and according to 
Unwin 140 lbs. find 220 lbs. respectively. 

When water is used for testing the soundness of the 
joints of a main, the test is applied directly the main is 
' filled with water, and the unsound joints can be at once 
detected. In the case of air not only ia the volume to be 
pumped equal to B times that of the water, but unless 
the air during compression and before it enters the pipes 
is cooled to the temperature of the pipes, directly the 
pumping ceases the tension of the air will fall owing 
to the fall in the temperature. Hence, if the test of 
soundness is the maintenance of a certain degree of pres- 
sure for a definite time, the air pumped in ought to be 
left at such a pressure that the requisite testing pressure . 
will be maintained after the cooling of the air. It is not ] 
until after the air has been cooled that the results of t 
test can be ascertained. In the case of water, the exami- 
nation of the joints subjected to pressure may be under- 
taken and completed immediately after they are filled; 
but in the case of air a time test is necessary, because it I 
is almost impossible to detect by the evidence of sight ] 
and sound very small leakages. 

In the case of water, in ordinary metalled roads the 

^ leaks show themselves at once, and when they are laid 

under concrete, as in the case of asplialted streets, directly 
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the pipe is reached the direction in which the leak must 
be sought for is shown by the side from which the water 
leaks into the hole. In the case of asphalted streets, 
therefore, permanent inspection - places at reasonable 
intervals will afford the means of detecting the position 
of the leaks without unnecessary breaking up of the 
ground. 

In the case of air the existence of a leak will rarely be 
capable of detection, except by the fall in pressure, and 
its subsequent localisation must be very diflScult. 

An accumulator, placed at each terminal point of very Accumulators 
small capacity, will suffice to render unnecessary any per- guffi^^nt^tT 
ceptible increase in the average rate of flow during regulate the 

\ . ° ° flow in the 

periods of maximum work, when the demand slightly case of high- 
exceeds the average rate of supply, so that the variations wat^r,^not in 
in the rate of work will produce very slight variations in ^^ °^**^ "* 

* •' " low pressure. 

the head lost by friction during transmission. The only 
way in which the same result can be achieved with air of 
low pressure is to keep the pressure considerably higher 
than is necessary to do the work, and use also very large 
terminal receivers. 
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CHArTER IV. 
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BPEOIAI. OAHE OF THE APPLICATION OF COMPRESSED AIR 
AND HiaH-PBESSDRE WATER FOE PUMPING SELVAGE. 

LH.P. 

The calculated values of the ratio , when the H.P. 

. refers to the effective power produced for tranamiasion, 
given in Chapters I. and II., are applicable to all cases, 
but it waa pointed out in those chapters that it is 
to know the purpoae to which the power ia 
and the mode of its application, before the 
efficiency of the whole installation can be estimated with 
any degree of accuracy. When compreaaed air ia used 
for the pnrpose of raising liquids, the most economical 
■way of using it is to apply the air direct to the surface 
of the liquid, since by this means machinery friction is 
avoided. When water is used for pumping, the simplest 
machine is a direct-acting pump, in which the slide valves 
are not directly moved by the motion of the pisten rod, 
because in this case, in the act of pumping, the only 
addition to the net H.P. is the work due to piston friction. 
The only way to effect this object is to move tho slide 
valve by the direct pressure of the motive water. 

When transmitted power is used for sewage pumping 
the area to be drained can be divided into several dis- 
tricts, each being provided with a separate pumping 
of transmitted station, to which the motive power ia transmitted from 
raising MWBge. One Central pumping station. The advantages to be 
gained by collecting the sewage at several pumping 
stations are — 
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(1) Only small pipe sewers at depths sufficient to 
the houses will be necessary. 

(2) Whatever the natuial configuration of the ground 
may be, good gradients can always be obtained. 

(3) By the use of automatic pnmps^ which pomp the 
sevrage as &st as it flows, the sewers are always kept 
running free, and if the automatic action is securedy as it 
ought to he hy the filling of the pump itself no reservoirs 
for the storage of the smallest quantity of setcage icitt he 
necessary. 

We haye seen in Chapter IIL that by properly appor- Dirwt appli- 
tioning the size of the pipes to the power required, this ^IJi^^^airto' 
power, whether air or water is used as the medium, can P«™i^»s 
be transmitted in pipes of moderate size a distance of ^i^^Hi^l 
fully 6000 yards, say 4 miles, without entailing a greater 
loss by pipe friction than 5 per cent, of the initial pres- 
sure. In the case of water, the only other points to Ih> 
considered are leakage and the efficiency of the eseoutivo 
pump, but in the case of air we have also to consider tho 
following special points : — 

(1) Possible fall of temperature below tho initial 
temperature of the air before compression. 

(2) Effect of variation of lift at the difforout pumping 
stations. 

(3) Amount of the excess of the maximum over tho 
minimum working pressure necessary to compouwito for 
variation in the flow of the sewjige. 

The initial temperature of the air in the engine room n\\ tu torn- 
may be taken to vary from about 60° in winter to about {^ho'^nllTnl*'"'' 
80° in summer, and ultimately in the pipes from about Jp'ir'"* *{"***' 
30° in winter to 50° in summer; or the average fall 
throughout the year would be about 30°, which corre- 
sponds with a fall of from 5*5 to 5*8 per cent, of the 
initial temperature, so that we must provido for a reduc- 
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tion of fiilly 5 per cent of the initial volnme o 
air at initial temperatures. 

Wlien the air is applied direct to tlie surface of the 
sewage, the pressure must bo suflicient to raise the sewage 
from the lowest pumping station, and may therefore be 
greatly in excess of the pressure required to raise it from 
the highest. If, therefore, the air is used at the highest? 
station without espansiou, not only will the whole of the 
work of compressing tlie minimum weight of air required 
from the pressure necessary at the highest to the pressure 
necessary at the lowestjhave to be done, hut the weight of 
air also required will be equal to the minimum weight 

multiplied by the ratio ^, Ei being the ratio of com- 

pression at the lowest, and B^ at the highest station. 

The differences in the weight of air required may to 
a great extent be done away with by expanding tlie air 
before it is used by means of an expansion valve, but not 
wholly, because, owing to the fall in temperature during 
expansion, ite final volume will be to the volume due to 

isothermal expansion in the ratio of ( ^^^ ) ^ . Ikch par- 
ticular case must necessarily be taken by itself, but a 
good idea of the effect of this variation may be obtained 
by taking the case of only one variation in lift. 

Let Vi, v^ he the minimum volumes of compressed air 
necessary at the lowest and highest pumping stations to 
raise the sewage at the absolute pressures 'ii,pa and R^pa 
respectively, then will the volume of free air required to 
be pumped be equal to Iti Vi and R^ v^. If the volume of 
sewage at the highest station is lifted by means of air at 
the pressure Ei^o, the volume of free air to be pumped 
will be equal to R, v^, and if expanded after compression 



to Rj «a 



ession ^^^J 
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For the sake of simplifying the work of comparison, we 
will take the case of perfect isothermal pumping. The 
loss of work calculated on this basis will be less than the 
actual loss sustained in practice, but the investigation 
will fully illustrate the way in which the power is wasted. 

If the air were compressed by two separate engines to 
the absolute pressures Ei^o^ ^2Po} the work done in 
isothermal pumping in the cylinders of the compressor 
would be equal to 

Po El Vi loffe Ki + Po R2 ^2 %« R2 ; A.* 

and it is the ratio of the work done by one compressing 
engine in the two sets of experiments described to this 
ratio, which we have to find. 

Case L — Air compressed to the highest pressure used 
at both pumping stations without expansion. 

Since the volume of free air is in this case equal to 
El (vi + V2), the work done in the air cylinder will be 
equal to 

Po El (vi + V2) log. El , 
and the ratio of this to A is 

El (Vi + V2) loffe El 



B. 



El Vi lOffe El + E2 V2 lOQe E2 ' 

which reduces to 

El {m + 1) log. El 
El log. El + m E2 log, E2 * 

\{v2 = m Vi. 

Case IL — Air compressed to the highest pressure but 
expanded before using to the lowest pressure suflBcient to 
raise the sewage at the highest station. 

Since the volume of free air required to raise the 
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sewage from the highest pumping station is equal to 

Ra Va ( tT^ j ^ f the work to be done in this case will be 
equal to 

po (RiV^+ Ea V, (gi)~ ) log. El, 
and the ratio of this to A will be 



(Ri+mE3(^)^)log.Ei 

Ki log. Ki + w lia log. Ea 



C. 



For the sake of illustration wo may take Ei = 2 Ea and 
Ea equal successively to 1 J and 2. The following Table 
contains the values of the ratios B and C, corresponding to 
tliese two values of Ei and Ea for values of m from 
ito4:— 



Value 
of w. 


MiDimom Lift 17 ft. 
Maximom Lift 34 ft. 


Minimam lift 34 ft. 
Maximnm Lift 68 ft. 




B. 


C. 


B. 


C. 


i 

1 

2 
3 
4 


1-19 
1-25 
1-37 

Ids 

219 
2-57 
2*87 


108 
1*13 
119 
1-35 
1*63 
1*80 
1*92 


1*18 
1*23 
1*33 
1*60 
200 
2*28 
2-50 


109 
112 
119 
1-33 
1-49 
1*65 
1-75 



The ratios in column C are those due to ferfed expan- 
sive working, which cannot be achieved in practice, we 
may therefore regard the mean of the four values in each 
case as about the correct working value. If we take the 
case where i» = 1, or where the same quantities are raised 
from each lift, as the average one likely to be met with 
in practice, the mean of the four values is 1*49, so that 
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it will be necessary to add 49 per cent, to the net work 
done in raising sewage on account of variation of lift 

When compressed air is used for pumping a varying Excess of the 
volume of flow of sewaee, the additional volume of com- "f^»°}"?^ <»^«' 

o ' toe minimuiu 

pressed air required to deal with the excess, over the working 

pressure 

average rate of flow, can only be secured by compressing necessary to 

M-i • • .1 • xi_*"i_ xi_ Tj compensate 

the air in the receivers to a higher pressure than would for the varU- 
be necessary if the volume to be dealt with per minute flowof th* 
were constant, and by providing air-compressors of suf- sewage, 
ficient capacity to pump the requisite volume for the 
average rate of flow when running considerably below their 
maximum eflScient speed. When the rate of flow exceeds 
the average supply the extra volume of air used will cause 
the pressure to fall in the receiver, and the extra volume 
will be provided partly by expansion of the air already 
pumped, partly by the increased speed of the air-pumps 
consequent on the fall in the pressure. When the in- 
creased rate of consumption of air first commences, the 
pressure of the air will decrease gradually, so that the 
excess in the volume of sewage raised in the interval, 
during which the tension of the air falls from the maxi- 
mum to the minimum pressure, will not be equal to the 
dlflference between the volumes due to the two pressures 
even if no account is taken of the loss of volume due 
to the fall of temperature during expansion. We may, 
however, assume for the sake of illustration that the 
increased speed of the engine makes up the deficiency, 
and that the extra volume of sewage pumped is, therefore, 
equal to the difference between the volumes of the air at 
the higher and lower pressures. 

When the sewage has to be pumped as fast as it flows, 
it will not be safe to estimate the average volume per 
hour during the periods of maximum fiow at less than 
one-eighth of the daily flow of sewage. During these 
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hoars of maximom flow a variation of 25 per cent, above 
and below the average for a period of half an hour cannot 
be regarded as excessive. If we adopt these data, the 
difference between the volume of air in the receiver at 
minimum and maximum pressure must be equal to 25 per 
cent, of one half hour's maximum average flow, or to e^th 
part of the daily volume of flow. Tor a population of 
1000 at 30 gallons a head, this excess over the maximum 
average will be 470 gallons, say 500 f^allons. If V be the 
volume contained by the receiver in gallons, and V, p, the 
maximum and minimum air pressures, the difference 
between the volumes at the two presanres will be equal to 



(f-0 



V, and therefore 

V = ^^ = 1500 gallons 

iS p = "Top, which corresponds with P= l'34p. In 
order, therefore, that the maximum pressure necessary to 
be adopted to keep the sewers always running free should 
not exceed by more than 34 per cent, the minimum pree- 
Bnre required to raise the sewage, the receiver capacity 
provided must be at the rate of 1500 gallons for every 
1000 population, or ibr 50,000, the population of an 
average-sized town, the capacity must be 75,000 gallons. 

Wlien the air is applied directly to the surface of the 
sewage the only loss in the executive pump will be due to 
the space occupied by the free air in the pump immediately 
before the compressed air is admilted. In well-designed 
pumps of this description the loss due to this cause should 
not exceed 5 per cent, when the pump works efficiently. 
In automatic pumps, however, of this description, when 
the automatic action is regulated hy the inflow and outflow 
of the sewage itself, the alternate admission and exhanst 
of the compressed air can only be accomplished by means 
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of a float, which rises and falls as the liquid rises and falls 
in the pump-barrel, attached by means of a piston passing 
through a stuffing-box to the valve which regulates the 
times of admission and exhaust. When the packing in 
the stuffing-box is too slack the valve is liable to act too 
soon, and to admit the compressed air before the pump- 
barrel is filled with sewage, and an additional volume of 
compressed air, varying in amount, is wasted whenever this 
occurs. It is impossible to make any estimate of the 
amount thus liable to be wasted. The only way to guard 
against loss from this cause is to attach a glass gauge to 
the sides of the pump-barrel, which will show, by the level 
of the liquid in it at the period of admission, when the 
valve is working regularly. 

Neither in the case of air or water will the amount of Leakage, 
leakage be appreciable if the pipes are well jointed and 
the workmanship of the machines of the best quality. 

The following summary gives the work which has to be Summary of 
added to the net work done in raising sewage to obtain ^^q\1 madrto 
the value of the effective H.P. to be produced by air ^}^ °?* ^^^^ 

* '' done m raising 

pumping in accordance with the above estimates, expressed sewage. 
in terms of the net work done in raising sewage 



Loss due to pipe friction . . 
„ „ fall of temperature 
variation of lift . . 



„ » » flow 

pump clearance 



05 
05 
49 
34 
05 



Total eatimated loss * 98 

Leaving, therefore, possible further loss by irregular 
valve action and leakage out of consideration, the ratios 
in Table III. must be multiplied by 1*98, say 2, to 

T XT p 

obtain the safe and working values of the ratios ' ' ' 
for the whole installation. 
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The following table gives the SEife and working ratios 
for the values of it used in the previous chaptera The 
heights of the lift given in the table ate the equivalents 
of the mioimum indicated pressures necessary at the 
pumps, and therefore only equal to 70 per cent, of the 
height due to the maximum pressure in the receiver, since 
5 per cent, is lost by pipe friction and 25 per cent, is ex- 
pended in providing for variation in flow. The heights 
in the table are equal to the sum of the dead lift and the 
height dne to friction in the rising main. The work- 
ing ratio is the partial isothermal ratio described in 
Chapter I, The values of the ratios are given to the 
nearcBt quarter of an integer. 



Height of lift in feet . 
Bafe valne of " ' . 
Working value ditto . 



When high-pressure water is used for the transmission 
of power for pumping sewage, in computing the maximum 
work to be done by the power conveyed we have only to 
take account of the pipe friction and the efiicieucy of the 
executive pump. Variation of lift is provided for by 
varying the value of the ratio of the diameter of the 
power plunger or piston to the pump plunger or piston, 
80 that the power expended at each pumping station is in 
exact proportion to the work to be dona Variation in the 
rate of flow can easily be provided for by the use of accu- 
mulators in which the pressure remains constant, so that 
.I.H.P. , 



atant Accumulators, which are simply vertical cylinders 
provided with movable pistons loaded with weights suflB- 
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cient to balance the maximum pressure on the under side, 
can be used in the case of high-pressure water, because 
the variation in the volume used above and below the 
average is small. The total volume of high-pressure water 
is only a small fraction of the volume of the sewage, rarely 
more than one-twenty-fifth part ; so that on an average an 
accumulator of 20 gallons capacity would suflSce to supply 
power to raise the 500 gallons excess of sewage maximum 
flow in the case of a population of 1000, and accumulators 
capable of holding 1000 gallons would suffice in the case of 
a population o/ 50,000. 

The accumulator capacity of 1000 gallons in the case 
of high-pressure water, and 75,000 gallons receiver capa- 
city in the case of air, are necessary to secure the perfect 
automatic action of the pumping machinery at the 
pumping station ; but as there is always an engine-driver 
in charge, who can vary the rate of pumping according to 
the rate of flow, probably in actual practice accumulator 
capacity of 100 gallons for water, and receiver capacity of 
20,000 gallons for air, w^ould suflSce for a population of 
50,000. 

The effective total pressure on the power plunger will Ratio of 
be equal to the gross total pressure minus the frictional pjfwer-piunger 
resistance of the plunger packing, and the pressure to be *^ pump- 
overcome will be equal to the total pressure on the pump 
plunger plus the frictional resistance of the plunger 
packing (see Chapter II.). In estimating the total pres- 
sure on the pump plunger, the pressure per unit of area 
must be the sum of the pressures due to the dead lift and 
to rising main friction. If the pump is single acting and 
the return stroke effected by means of the pressure of the 
sewage on the under side of the pump piston, or by 
weights, the equivalent pressure per unit of area must 
also be added to the above. 

F 2 
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I.0t 

P =r pressure of motive fluid ia pump barrel. 
2) = pressure in pump barrel due to all causes de- 
scribed above. 
J) = diameter of power plunger. 
d = „ „ pump „ 

Thou we must have 

•78PD2(l - ^) = '78pd^(l +^) 
and 



"4V?- 



pd{d + C) 



4 ' P 

I'siufX f(U' V tlio value "6, corresponding with the results 
for Ml ssrs. llicks's experiments with new unused leathers, 

wt^ J^t^t 



For the sake of illustration we may adopt 18 inches 

p 
for the value of d. We may also assimie — = 25 as an 

P 

avonitro value of the n\tio, when P varies from 800 to 

P 

5H)0 lbs., ami - = 5 when P varies from 50 to 100 lbs. 

P 

P 
^1) -=25. 
P 

Ftoxxx A 

P = -4 inches : 

if there were no friotional resistance we sliould have 

D = 3 • 6 inches. 

r2) - = 5. 



^ 

X 
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From A 

D = 8 * 5 inches ; 
if there were no frictional resistance we should have 

D = 8 inches. 

With well-used leathers, for which, according to Messrs. 
Hicks's experiments, C = "4, the diameters need not 
exceed 3| inches and 8J inches respectively. 

The total work done by the high-pressure water is Efficiency of a 

equal to -TSPD^, and the effective work done to '78pd\ t^hTraive'^s'*'^ 

therefore the ratio of the effective work done to the total ^^^^^ ^7 the 

work done will be equal to caUon of the 

high-pressure 
water. 






pd:' 



\•3 + ^/ 



•09 + 



pd(d + -()) 



r 



The following table gives the value of this ratio for 
pump barrels varying from 9 to 30 inches diameter for 

P • 

values of the ratio — varying from 4 to 100, subject to 

the condition that the power plunger is not to be less 
than 2 inches diameter. 



Value of 


Diameter of Pump Barrel. 


P + j>. 


9 


12 


15 


18 I 21 


24 


30 


4 . 


•82 


•85 


•88 


•91 


•92 


•93 


•94 


10 


•76 


•81 


•85 


•88 


•90 


•91 


•93 


20 


•70 


•77 


•81 


•84 


•86 


•88 


•91 


40 


• • 


•71 


•75 


•80 


•81 


•84 


•87 


60 


• • 


• • 


•71 


•76 


•78 


•81 


•85 


80 


• • 


• • 


• • 


•73 


•76 


•80 


•82 


100 


• • 


• • 


• • 


• • 


•74 


•77 


•80 



In average installations the size of the pump barrels 
will vary from 15 inches to 24 inches, and the maximum 
pressure on the accumulators can easily be arranged so that 
the average value of the ratio P -^ p does not exceed 20 : 1, 
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and under these conditions the average coeflScient of effi- 
ciency for the four sizes of pumps will be * 85. When the 
average value of the ratio of P -r- p does not exceed 4 : 1, the 
average coefficient of efficiency of the four sizes will be * 91. 
Height due to In discussing the question of compressed air, no account 
iniet^ valve ^^® taken of the loss of head due to this cause, and in the 
portholes. ease of water the loss is practically inappreciable. Even 
with the lowest pressures the area of the inlet porthole 
need not be less than one-fourth of the area of the power 
plunger. In pumps of this class the length of stroke 
ought to be very little more than the diameter of pump- 
piston, and the number of strokes should not exceed 
twelve per minute, so that the inlet porthole velocity need 
never exceed 12 feet per second. The head lost, there- 
fore, due to this cause need never exceed 3 feet. 
Volume of The volume of water required to move the valve varies 

to*mov7thr^ with the area of the valve-piston and the length of its 
valve ex- travel. Both these quantities vary with the size of the 

pressed as a ^ "^ ^ 

percentage of powcr plunger of the pump. Subject to the condition 
used at each that the velocity on the inlet porthole of the valve is not 
pump. ^^ *^^ *^ exceed sixteen times the velocity of the pump-piston, 
the volume used need not, even in the case of the lowest 
pressures, exceed four per cent, of the volume used for 
pumping. 
Safe and It is abundantly clear from the foregoing investigations 

ofThrr^atk!"^^ *^^* *^® cxecutivo pumpiug apparatus can be devised to 
^•H'^' . give out an efficiency of fully 80 per cent, of the power 

transmitted, and that the loss due to transmission need 
not exceed 5 per cent., so that the efficiency of the instal- 
lation for utilising the power can be made equal to fully 
75 per cent. Following, therefore, the rule we adopted in 
the case of air, viz. to double the H.P. produced to get the 

I H P 
safe value of the ratio ' ' ' , and to add 25 per cent, for 

ll,Jr, 



U.K. 
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machinery friction to obtain the minimum working value, 
we get, when H.P. means the actual work done in raising 
sewage, the following values : — ' 

I H P 
Safe value of ' ' = 2i. 

fl.P. ^ 

Minimum working do. = IJ. 

When the water supply of any district is in the hands in the case of 

of the local authority, the pumps, when only a small wfter^speciai 

portion of the sewage of any given area has to be pumped, Jj^^^wU-"^ 

can be economically actuated by water supplied from the producing 

1 • 1 ij machinery 

street mams at the actual cost of pumpmg, which would not always 
not, in the most extreme cases, exceed Id. per thousand ^®^^®^*^y^* 
gallons. "When the whole of the sewage has to be pumped, 
special installations of power-producing machinery are 
of course absolutely indispensable. 

The high-pressure water used for actuating the auto- Sanitary 
matic pumps never comes in contact with the sewage, and obta^eTby 
can never, therefore, entail the slightest risk of spreadins: *he use of 

*^ . high-pressure 

any infectious disease. The water after use will be per- water instead 
fectly pure, and may be used for drinking purposes if of air. 
suitable quality. It can always be used for flushing the 
side channels of the streets. 

When air is applied directly to the surface of the 
sewage in ordinary circumstances, no evil results probably 
need be apprehended during periods of maximum flow, 
when the air is discharged in the space of half a minute; 
but when the rate of flow of the sewage is at a minimum, 
the air in the pump will remain for a long time in contact 
with the decomposed sewage slime with which the pump 
is internally coated. If, therefore, there are any germs 
of disease in the sewage, the air must necessarily become 
charged with them. The use of ventilating pipes in this 
ease, discharging the exhaust air above the tops of the 
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houses, can at best only free the immediate neighbourhood 
from the possible consequences of germ-carried disease. 
The arguments founded on this possibility against the 
system of water-carried sewage clearly apply much more 
strongly against the system of raising sewage by com- 
pressed air, since the volume of air brought into contact 
with the surface of the sewage and of the slime-lined 
surface of the pumps is equal to the volume of the sewage 
multiplied by the absolute ratio of the air pressure. 



AIR AND WATER. 73 



CHAPTEE V. 

COMPARISON OF THE TWO SYSTEMS IN POINT OF 
EFFICIENCY AND COST OF INSTALLATION. 

The investigations in Chapter III. prove conclusively Cost of 

•,..■, ^• . /• • . transmission. 

that the diameters oi pipes necessary to convey any 
assigned quantity of power in the case of water at a pres- 
sure of about 800 Iba are very much less than those 
required to convey the same quantity of power by means 
of compressed air, when the pressure to which the air is 
subjected does not exceed the limits usually found in 
practice. The extra thickness of the metal of the pipes 
in the case of high-pressure water is amply compensated 
by the greater size of the pipes required in the case of 
air and the greater cost of testing the soundness of the 
work. We may therefore fairly consider that the cost of 
the pipes for transmitting the power will be about the 
same in each case. 

Since the engines required to utilise water of 800 lbs. Executive 
indicated pressure are necessarily of much less size than ®°^*°^^* 
engines of equal I.H.P. actuated by air of 45 lbs. indi- 
cated pressure, the first cost of such engines ought to 
be less. We have seen in Chapter I. that engines for 
utilising compressed air must be capable of admitting 
the air during the whole stroke, and therefore ordinary 
stationary engines cannot be used until their valve gear 
has been altered. The great advantages obtained from 
the use of air are that it can be used in any situation, and 
after exhaustion will serve for ventilation purposes. In 
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Comparison of 
the cost of the 
installatious 
for producing 
power in the 
case of air 
and water. 



Comparison of 
the efficiency. 



the case of water, diflficulties connected with the disposal 
of the exhaust water will not unfrequently arise. 

The first cost of the prime motors, the engines and 
boilers, will vary with the I.H.P. required to produce the 
assigned effective power. The high-pressure water pumps, 
being of much less size than the air pumps, will cost very 
much less; and the accumulators, although much more 
costly than receivers of the same capacity, will probably 
cost less than the receivers, because the capacity of the 
latter must be about twenty times that of the accumulators. 
In the case of compressed air, the buildings required will 
be much larger also. Taking every point into considera- 
tion, we shall clearly not err in this matter in favour of 
high-pressure water if we estimate the cost of the installa- 
tion in each case to be in the respective ratios of the safe 
I.H.P. required. 

In the case of sewage we get the following values of the 
ratios 

I.H.P. re quired in the case of compressed air 

I.H.P. required in the case of water at 800 lbs. indicated pressure * 

When 



2 

2f 

H 

4i 

4| 

H 

6i 

E = 10 71 



K = 


1^ 


n- 


2 


E = 


3 


E = 


4 


K. ^ 


5 


K = 


6 


R- 


8 



K = 15 



9 



Conversely, the efiiciency of installations of high- 
pressure water will be to those of compressed air in the 
inverse ratio of safe I.H.P. required, so that the ratios just 
given will represent the value of the ratio 

EflBciency of high-pressure water 

Etticiency of compressed air 
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LYMINGTON SEWEKAGE. 

Description of an Installation of Automatic Pumps, the Invention 

of the Author, 

The main sewerage of this town is now being carried out in 
accordance with the plans of Mr. James Lemon, M. Inst. C.E., 
the principle adopted being that of discharging the sewage, in 
its crude state, into the Solent through an iron outfall pipe of 
about 2000 yards in length across the foreshore. The larger 
part of the district will be drained by gravitation, but there is 
a small portion of the town, adjacent to the river, which is very 
low, and in order to secure a constant flow in the sewers it will 
be pumped by one of Donaldson's patent automatic pumps into 
an iron main, which will discharge itself at the head of the 
outfall sewer. In the original scheme Mr. Lemon proposed 
to pump the low-level sewage by means of two small centrifugal 
pumps, driven by Crossley's Otto gas-engines in duplicate, but 
on reconsideration he decided to adopt the automatic pumps 
before referred to. In a small district like this it is important 
that the working expenses should be kept down as low as 
possible, more especially the cost of labour. Gas-engines, as is 
well known, will work without much attention, but still they 
require oiling and cleaning, and occasionally looking to, in 
order to secure their efficient working. But by the automatic 
pumps this is avoided, as they will work the same as an ejector, 
and there are no movable parts requiring oiling, except the 
journals of the wheels which support the balance weights. The 
engineer also considered the desirability of pumping the sewage 
by means of two of Shone's ejectors ; but the great distance of 
the pumps from the waterworks, where the power would be 
generated, involving a very long length of air main, would have 
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increased the first cost of the works so materially as to render 
their adoption, on the ground of expense, out of the question. 
The automatic pumps being worked by the pressure of water 
from the main, it is only a question of pumping so much more 
water at the waterworks, which are the property of the Local 
Board. In addition to ensuring a constant flow in the low- 
level district, these pumps will also be the means of flushing 
the main outfall, as they will lift the sewage above the level of 
high-water, and so put the outfall under pressure. There are 
also means of flushing the outfall by a large storage reservoir 
sewer in which the sewage will occasionally be headed up and 
discharged at convenient times of the tide. 

The pump chamber is about 13 feet below the level of 
high water, and as it is constructed near the river bank, 
special means have been adopted to render it water-tight. It 
is built of brickwork in cement rendered with 1 inch of 
Portland cement all round, encased with Portland cement con- 
crete and clay puddle, 12 inches in thickness, and faced on the 
inside with white bricks, so as to render the chamber as light 
as possible. The chamber in which the pumps are placed 
is 15 feet by 10 feet by 17 feet high, and as it is only a 
few feet above the surface of the ground, it will not obstruct 
the view of the houses in the vicinity. In the original scheme, 
objections were raised by the owners and occupiers of property 
to the proposed engine-house, which have been removed by the 
proposed chambers. Adjoining the pump chamber there are 
two screen chambers, which will prevent any large floating 
substances finding their way into the pumps. Four penstocks 
are provided for shutting off the sewage at will, in case of 
repairs or for other causes. 

The chamber is covered by Hyatt's patent lens-lights, sup- 
ported by rolled iron girders, and a platform is provided of iron 
plates for the purpose of inspecting the machinery. 

The cost of the pump-chamber and pumps will be about 
lOOZ. less than the estimated cost of the gas engines and engine 
house, and there will be a saving on the working expenses, in 
favour of the automatic pumps, of about 70Z. per annum. 

Sheet No. 1 gives the details of the pump-house erected for 
the two automatic pumps, and Sheet No. 2 the details of the 
construction of the pump. 
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The balance weights are so adjusted that the upward pres- 
sure of the sewage on the under side of the pump piston is 
sufficient to raise the piston to its highest position, when the 
sewage in the inlet down pipe is on a level with the invert of 
the horizontal inlet pipe, so that the alternate action of the 
pumps is rendered certain, because the first pump must be filled 
before much sewage can reach the second. 

It will be seen from the detail drawings that there are no 
tappets to work the valve, which is moved by the alternate 
admission and exhaust of the high-pressure water to the oppo- 
site ends of the valve cylinder, effected by means of the passages 
shown on the power plunger. 

The automatic action is secured in two ways, first by the use 
of pressure on the under side of the piston to raise it, secondly 
by the use of an inverted syphon for the lowest portion of the 
inlet pipe, the bend of which must be placed a few inches below 
the bottom of the pump piston in its lowest position. Directly 
the sewage in the inlet pipe falls below the level of the bottom 
of the pump piston, the upward motion will necessarily cease, 
even if the weights of themselves were sufficient to raise the 
pump piston without the help of the upward pressure of the 
sewage on the under side of the piston. 

The pumps have each to raise 194 gallons per minute with 
50 lbs. pressure of water to a height, including that due to 
friction, of 20 feet above the invert of the sewer. The pumps 
are each 18 inches diameter and 21 inches stroke, the power 
plunger of one pump being 9 inches and of the other 9 J inches 
diameter. The bottom of the pump piston in its lowest position 
will be 2 feet 8 inches, and in its highest 11 inches below the 
invert of the sewer. The exhaust water has to be delivered to 
a height of 10 feet above the invert of the sewer. With water 
of several hundred pounds pressure the power cylinders would 
be of small diameter, and therefore the height at which the 
exhaust water would ordinarily have to be delivered need not 
in that case be taken into consideration, but as the plungers 
are in this case 9 and 9J inches in diameter, an addition of 
from 60 to 80 lbs. to the balance-weights is needed to raise the 
exhaust water. This would be equivalent to a pressure of 
about • 3 lb. on the under side of the pump piston, so that the 
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resistance to be overcome per unit of area would be as 
follows : — 

Pressure due to 20 ft. lift 8*8 lbs. per sq. in. 

Pressure due to depth of bottom of pump 

piston below invert 2 ft. 8 in 1"2 

Pressure equivalent to increase of weights .. '3 



» >« 



Total 10-3 



» >» 



Practically, therefore, we may consider the ratio of the pres- 
sure in the power cylinder to that in the pump barrel to be 
5 : 1, and the minimum size of the power plunger would be, in 
accordance with the formula given in Chapter IV., 8J inches. 
As the motive water is supplied from the mains in the town, 
where the pressure is necessarily subject to great variations, 
the power plunger of the first pump has been made 9 inches, 
and of the second, or reserve, pump 9 J inches. No appreciable 
sacrifice of efficiency of the installation as a whole is caused by 
this increase in the size of the plunger of the second pump, 
because nearly the whole of the work will be done by the pump 
with the 9-inch plunger, which is nearest to the sewer. A 
pressure of about 40 lbs. to the square inch will suffice to work 
the pump with the 9i-inch plunger. 
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■ Engines, Marine .. 74, 75 


Measuring and Folding .. .. 76 ^^^ 


■ Engines, Screw .. S9, 90 




^1 Engines, Stationary 91, 93 


Mercury, 77 j Melallnrgy .. 77 


H Escapement 45, 46 


Meter 77, 78 


■ Fan 46 


Metric System 78 


r FUe-cutling Machine .. ..46 


MiUs 78.79 


Fire-arms .. .. .. 46,47 


Molecule, 79 ; Oblique Arch .. 79 


Flax Machineiy .. .. 47,48 


Ores, 79, 80 ; Ovens .. .. So 


Float Water-wheels .. .. 48 


Over-shot Water-wheel .. 80, 81 


Forging 48 


Paper Machinery 81 


Founding and Casting .. 48 to 50 


Permanent Way .. .. 81,82 


Friction, 50 ; Friction, Angle of 3 


PQes and Pile-driving .. 82 and 83 


Fuel, 50 ; Furnace .. 50,51 


Pipes 83,84 


Fuie, Si; Gas 51 


Planimeter ,.. ..84 ■ 


Gearing 51, 53 


Pumps S4aiid8s ^^^J 


Gearing Belt „ .. 10, 11 




Geodesy 52 and 53 


Kailway Engineering .. 85 and 8frj^^^^| 

Retaining WaUs 86 t^^^H 

Rivers, 86, 87; Rivetted Joint „ 87 ^^^H 
Roads 87, 88'^^^H 


Glass Machinery 53 


Gold, S3, 54; Governor.. „ 54 


Gravity, 54; Grindstone .. 54 




Roofs 88, Sg'^^^H 


Gunnery 54 '0 56 


Rope- making Machinery .. Sg ^^^^H 


Gunpowder 56 


ScsfToIding ^'^^^^| 


Gun Machinery .. .. 56.57 


Screw Engines 89,90 ^^^M 


Hand Tools .. .. 57,58 


Signals, 90; Silver .,90,91 H 


Hanger, 58; Harbour .. .. 58 


Stationary Engine .. 9'. 92 


Haulage, 58, 59; Hinging .. 55 


Stave-making & Cask Machinery 92 J 


Hydraulics and Hydraulic Ma- 


Steel, 92 ; Sugar Mill .. 92,93 m 


ehinety 59 '0 63 


Surveying and Snrveying Instru- -^^^^B 


Ice-malting Machine .. .. 63 


ments 93< M^^^H 


India-rubber 63 


Telegraphy .. 94. 95'^^^| 


Indicator 63 and 64 


Testing, 95 ; Tttrbine -SSi^^^H 


Injector 64 


Ventilation 95, 96, 97.'^^^^H 


Irbn 64 to 67 


Waterworks 96, 97'^^^^H 


Iron Ship Building ,, .. 67 


Wood-working Machinery 96, 97'^^^H 


Irrigation .. .. ., 67 and 68 


96,9r<^^^l 
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1 A SUPPLEMENT 


SPONS' DICTIONARY OF ENGINEERING. 


Edited by ERNEST SPON, Memb. Soc, Enginkbrs. 


AbicuB, Counters. Speed 


Coal Mining. 


Lighthouses, Buoys, and 


Indicalort, and SHde 


Coal Cutting Machines. 


Beacons. 


Rule. 


Coke Ovens. Copper, 


Machine Tools, 


Agricultural Implements 


Docks. Drainage. 


Materials of Conslmc- 


and Machinery. 


Dredging Machinery. 


tion. 


Ait Compressors. 


Dynamo - Electric and 


Meters. 


Animal Charcoal Ma- 


Magneto-Electric Ma- 


Ores, Machinery and 


chinery. 


chines. 


Processes employed to 


Anlimony. 


Dynamometers. 


Dress. 


Axles and Axle-boies, 


Electrical Engineering, 


Piers. 


Bam Machinery. 


Telegraphy, Electric 


Pile Driving. 


Belts and Belting. 


Lighting and its prac- 


Pneumatic Transmis- 


Blaiting. Boilers. 


tical delails.Telephones 


sion. 


Braltefi. 




Pumps. 


Brick MachiQery, 


Explosives. Fans. 


Pyrometers. 


Bridges. 


Founding, Moulding and 


Road Locomotives. 


Cages for Mines. 


the practical work of 


Rock Drills. 


Calculus, DiSeieotial ant? 


the Foundry. 


Rolling Stock. 


Integral 


Gas, MaDufactnre of. 


Sanitary Engineering, 


Canals. 


Hammers, Steam and 


Shafting. 


Carpentry, 


other Power. 


Steel. 


Cast Iron. 


Heal. Horse Power. 


Steam Navvy. 


Cement, Concrete, 


Hydraulics. 


Stone Machinery. 


limes, and Mortar. 


Hydro-geology. 




Chimney Shafts. 


Indicators. Iron. 


WeU Sinking. ^^M 


K Coal Cleansing and 


Lifts, Hoists, and Eleva- 


^^^H 


■ Washing. 




J 
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CATALOGUE OF SCIENTIFIC BOOKST 



In demy 4to, handsomely bound in cloth, illuslrated -oHIh 220 full page flalei. 
Price 11,1. 



ARCHITECTURAL EXAMPLES 

IN BRICK, STONE, WOOD, AND IRON. 



By WILLIAM FULLERTON, Architect. 



ConuiniQE *>° Platee, v 



The Delails and Designs are Dra'Jin to Scale, \ 
being shiejiy used. 



The Plates are arranged in Two Parts. The First Part contains 
Details of Work in the four principal Building materials, the following 
being a few of the subjects in this Part ; — Various forms of Doors and 
Windows, Wood and Iron Roofs, Half Timber Work, Porches, 
Towers, Spires, Belfries, Flying Buttresses, Groining, Carving, Church 
Fittings, Constructive and Ornamental Iron Work, Classic and Gothic 
Molds and Ornament, Foliation Natural and Conventional, Stained 
Glass, Coloured Decoration, a Section to Scale of the Great Pyramid, 
Grecian and Roman Work, Continental and English Gothic, Pile 
Foundations, Chimney Shafts according to the regulations of the 
. London County Council, Board Schools, The Second Part consists 
of Drawings of Plans and Elevations of Buildings, arranged under the 
following heads ; — Workmen's Cottages and Dwellings, Cottage Resi- 
dences and DweUing Houses, Shops, Factories, Warehouses, Schools, 
Churches and Chapels, Public Buildings, Hotels and Taverns, and 
Buildings of a general character. 

All the Plates are accompanied with particulars of the Work, with 
Explanatory Notes and Dimensions of the various parts. 
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IVith nearly 1500 ittuslrations, in supor-royal Sto, in S Divisions, cloth, 


■ Diriaions 1 10 4, 13J. 61/. each; Division 5, 171. 6rf. ; or 2 vols., doth, ^£3 lOi. 


SPONS' ENCYCLOPEDIA 


INDUSTRIAL ART8, MANUFACTURES, AND COMMERCIAL 


PRODUCTS. 


Edited by C. G. WARNFORD LOCK, F.L.S. 


Among the more important of the subjects treated of, are the 


fbUowing :— 


Adds, 207 pp. 220 figis. 


Fur, 5 pp. 




Alcohol, a3 pp. 16 figH. 


Gas, Coal, S pp. 


figs. 


Alcoholic Liquors, 13 pp. 


Gems. 


Pigments, 9 pp. 6 figs. 


Alkalies, 89 pp. 78 figs. 


Glass, 45 pp. 77 figs. 


Pottery, 46 pp. 57 figs. 


Allo^. Alum. 


Graphite, 7 pp. 


Printing and Engraving, 


Asphalt. Assaying. 


Hair, 7 pp. 


20 pp. 8 figs. 


Beverages, 89 pp. 29 figs. 


Hair Manufactures. 


Rags. 


Blacks. 


Hals, 26 pp. 26 figs. 


Resinous and Gnmmy 


Bleaching Powder, 1 5 pp. 


Honey. Hops. 


Substances, 75 pp. 16 


Bleaching, 51 pp. 48 figs. 
Candles, 18 pp. 9 figs. 


Horn. 


figs. 


Ice, 10 pp. 14 figs. 


Rope, 16 pp. 17 figs. 


Carbon Bisulphide. 


Indianibber Manufac- 


Salt, 31 pp. 23 figs. 
Silk, 8 pp. 


Celluloi.1. 9 pp. 


tures, 23 pp. 17 figs. 


Cements. Clay. 


Ink, 17 pp. 


Silk Manufactures, 9 pp. 


Coal-tar Products, 44 pp, 


Ivory. 


II figs. 


14 figs. 


Jute Mannfactwes, 11 


Skins, 5 pp. 


Cocoa, E pp. 


pp., II figs. 


Small Wares, 4 pp. 


Coffee, 32 pp. 13 figs. 


Knitted Fabrics — 


Soap and Glycerine, 39 


Cork, 8 pp. 17 figs. 


Hosiery, 15 pp. 13 figs. 


pp. 45 figs- 


Cotloa Manufactures, 61 


Lace, 13 pp. 9 ngs. 
Leather, 28 pp. 31 figs. 


Spices, 16 pp. 


pp. 57 figs- 


Sponge, S pp. 


Drugs, 38 pp. 


Linen Manufactures, 16 


Starch, 9 pp. 10 figs. 


Dyeing and Calico 


pp. 6 figs. 


Sugar, 155 pp. 134 


Printing, 23 pp. 9 figs. 


Manures, 21pp. 30 figs. 


figs. 


Dyestuia, 16 pp. 


Matches, 17 pp, 38 figs. 


Sulphur. 


Electra-Metalhu^, 13 




Tannin, 18 pp. 


pp. 


Narcotics, 47 pp. 


Tea. 12 pp. 


Explosives, 22 pp. 33 figs. 


Nats, 10 pp. 


Timber, 13 pp. 


Feathers. 


Oils and Fatty Sub- 


Varnish, IS pp. 


Fibrous Substances, 92 


stances, 125 pp. 


Vinegar, 5 pp. 


pp. 79 figs. 


Paint. 


Wax, S pp. 




Paper, 26 pp. 23 figs. 


Wool, 2 pp. 


figs. 


Paraffin, 8 pp. 6 figs. 


Food PreserratioQ, 8 pp. 


Pearl and Coral, 8 pp. 


58 pp. 39 figs. 


Fruit, 8 pp- 


Perfumes, 10 pp. 
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WORKSHOP RECEIPTS, 


FIRST SERIES. . 


SVNOFSis OF Contents. ^^^H 


Bookbinding, 


Freezing. 


^^^H 


Bronzes and Broniing. 




Paper Hanging. ^^* 


Candles. 


Furniture Creams, Oils, 


Pointing in Oils, in Water 


Cement. 


Polishes, Lacquers, 


Colours, as well as 


Cleaning. 


and Pastes. 


Fresco, House, Trans- 


Colourwashing. 


Gilding. 

Glass Cutting, Cleaning, 


parency, Sign, and 




Carriage Painting. 


Dipping Acids. 


Frosting, Drilling, 


Photography. 


1 Drawing Office Details. 


Darkening, Bending, 


Plastering. 


D^Ting Oils. 


Staining, and Paint- 


Polishes. 


Djinamite. 


ing. 


Potteiy— (Clays, Bodies, 


Electro - Metallurgy — 


Glass Making. 


Glazes, Colours, Oils, 


(Clenninii, Dip pine, 


Glues. 


Stains, Fiuies, Ena- 




Gold. 


mels, and Lustres). 


teries, Baths, and 


Graining. 




Deposits of every 


Gums. 


Silvering. 


description). 


Gun Cotton. 


Soap, 
Solders. 


Enamels. 


Gunpowder. 


Engraying on Wood, 
Copper, Gold, Silver, 


Horn Working. 


Tanning. 


Indiarubber. 


Taiddermy. 


Steel, and Stone. 




Tempering Metals, 


Etching and Aqua Tint. 


Treating Hon), Molher- 


Firework Making — 


Lacqaers. 


o'-pearl, and hke sub- 


(Rockets. Stars, Rains, 


Lathing. 




Gerbes, Jets, Tour- 


Lubricants. 


Varnishes, Manufacture 


billons, Candles, Fires, 


Marble Working. 


and Use of. 


Lances,Liehts, Wheels, 


Matches. 


Veneering. 


Fire-balloons, and 


Mortars. 


Washing. 


minor Fireworks). 


Nitro-GIycerine. 


Waterproofing. 1 


Fluxes. 


Oils. 


Wddms. 


Foundry Mixture*. 






Besides Receipts relating to the lesser Technological matters anii processes, 1 


such as the manufacture and use of Stencil Plates, Bhicking, Crayons, Paste, 1 


Putty, Wan, Size, Alloys, Ca^t, Tunbridge Ware, Picture Frame and 


Architectural Mouldings, Compos, Cameoa, and others too numeroos to 
mention. 
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WORKSHOP RECEIPTS, 

SECOND SERIES. 



Synopsis of Contents. 



Addimelry and Alkali- 


Disinfectants, 


lodoforoi. 


metry. 


Dyeing, Staining, and 
Colouring. 

Essences. 


Isinglass. 


Alcohol. ' 


Leader. ^' 


AJkalQids. 


Enlracts. 


Luminous bodies. 


Baking-powders. 


Fireproofine. 

Gelatine, Glue, and Size. 


Magnesia. 


Bitters. 


Matches. 


Bleaching. 




Paper. 


Boiler Incrustations. 


Gut, 


Parchment. 


Cements and Lutes. 


Hydroeen peroxide. 


Perchloric acid. 


Cleansing. 


Ink, 


Potassium oxalate 


Confectionery. 


Iodine. 


Preserving. 


Copying. 







Pigments, Faint, and Painting : embracing the preparation of 
Pigmetils, including alumina lakes, blacks (animal, bone, Frankfort, ivory, 
lamp, sight, soot), blues (antimony, Antwerp, cobalt, cicnUeum, Egyptian, 
manganate, Paris, P^ligot, Prussian, smalt, ultramarine), browns (bistre, 
hinau, sepia, sienna, umber, Vandyke), greens (baryta, Brighton, Brunswick, 
chrome, cobalt, Douglas, emerald, manganese, mitis, mountain, Prussian, 
sap, Scheele's, Schweinfurth, titanium, verdigris, zinc), reds (Brazilwood lake, 
caiminaled lake, carmine. Cassius purple, cobalt pink, cochineal lake, colco- 
thar, Indian red, madder lake, red chalk, red lead, vermilion), whites (alum, 
baryta, Chinese, lead sulphate, white lead — ^by American, Dutch, French, 
German, Kremnitx, and Patlinson processes, precantioas in making, and 
composition of commercial samples — whiting, Wilkituon's white, line white), 
yellows (chrome, gamboge, Naples, orpiment, realgar, yellow lakes) ; Paim 
(vehicles, testing oils, imers, grinding, storing, applying, priming, drying, 
£lling, coals, brushes, surface, water-colonrs, removing smeti, disci^oration ; 
miscellaneous paints — cement paint for carton-pierre, copper paint, gold paint, 
iron paint, hme paints, silicated paints, steatite paint, transparent paints, 
tungsten paints, window paint, zinc paints) ; Fainting (general instructions, 
proportions of ingredients, measuring paint work ; carriage painting — priming 
paint, best putty, finishing colour, cause of cracking, mixing the paints, oils, 
driers, and colours, varnishing, importance of washing vehicles, re-varnishing, 
how to dry paint ; woodwork painting). 
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WORKSHOP RECEIPTS. 



THIRD SERIES. 



Uniform with the First and Second Series. 



Synopsis of Contents. 



Alloys. 


Iridium. 


Rubidium. 


Aluminium. 


Iron and Steel. 


Ruthenium. 


Antimony. 


Lacquers and Lacquering. 


Selenium. 


Barium. 


Lanthanum. 


Silver. 


Beryllium. 


Lead. 


Slag. 


Bismuth. 


Lithium. 


Sodium. 


Cadmium. 


Lubricants. 


Strontium. 


Caesium. 


Magnesium. 


Tantalum. 


Calcium. 


Manganese. 


Terbium. 


Cerium. 


Mercury. 


Thallium. 


Chromium. 


Mica. 


Thorium. 


Cobalt 


Molybdenum. 


Tin. 


Copper. 


Nickel 


Titanium. 


Didymium. 


Niobium. 


Tungsten. 


Enamels and Glazes. 


Osmium. 


Uranium. 


Erbium. 


Palladium. 


Vanadium. 


Gallium. 


Platinum. 


Yttrium. 


Glass. 


Potassium. 


Zinc. 


Gold. 


Rhodium. 


Zirconium. 


Indium. 







Electrics, — Alarms, Bells, Batteries. Carbons, Coils, D3mamos, Micro- 
phones, Measuring, Phonographs, Telephones, &c., 130 pp., H2 illustrations. 
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WORKSHOP RECEIPTS, 

FOURTH SERIES, 
08V0TSD UIHLT TO UXDlCSinS k HECBANIUL SCSJECTS. 



Wateipioo&ng — rabbei goods, < 
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WORKSHOP RECEIPTS, 


FIFTH SERIES. 


Contaimng mmj new Articles, as wdl as additions to Articles included in M 


the previoDS Seiies, as follows, viz. :— 1 




Glass ManipulatioEs for Laboratory 1 


Barometers, How to make. 


Apparatus. 


Boat Building. 


Labels. Lacquers. 


Camera Lndda, How to use. 


Illuminating Agents. 


Cements and Lutes. 


Inks. Writing, Copying, Inrisible, 


Cooling. 


Marking, Stamping. 


Copying. 




Conosion and Protection of Metal 


and preparation of slides. 


Surfaces. 


Metal Work. Casting Ornamental 




Metal Work, Copper Welding, 


Desiccating. 


Enamels foe Ironand other Metals, , 


Diamond Cuttingand Polishing. Elec- 


Gold Beating, Smiths' Work. J 


tries. New Chemical Batteries, Bells, 


Modelling and Plaster Casting. 1 




Netting. 1 


of Electric Lighting, Microphones, 


Packing and Storing. Acids, &c 1 


Simple Motors, Phonogram and 


Percolation. M 


Graphophone, Registering Appa- 


Preserving Books. 1 




Preserving Food, Plants, &c. ■ 


and Apparatus, Transfocmera. 


Pumps and Syphons for various J 


Evaporating. 


^^^ 


Explosives. 


Repairing Books. ^^^^H 


Filtering. 


Rope Tackle. ^^^H 


Fireproofing, Buildings, Textile Fa- 


Stereotyping. ^^^^^H 


brics. 


Taps, Various. | 


Fire-exlit^gnishing Compounds and 




Apparatus. 


Tying and Splicing Ropes. 


Glass Manipulating. Drilling, Cut- 


Velocipedes, Repairing. 1 


ting, Breaking, Etching, Frosting, 


Walking Sticfci. ^^m 


Powdering, Sc 


Waterproofing. ^^^^| 



I^ltf^ 



(7' 
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Id demy Svo, cloth, 600 pages and 1430 iUaslratioiis, 6s. 

SPONS' 
MECHANICS' OWN BOOK; 

A MANUAL FOR HANDICRAFTSMEN AND AMATEURS. 

Contents. 
Mechanical Drawing — Casting and Founding in Iron, Brass, Bronze, 
and other Alloys — Forging and Finishing Iron — SheetmetaJ Working 
— Soldering, Brazing, and Burning — Carpentry and Joiner)', embracing 
descriptions of some 400 Woods, over 200 Illustrations of Tools and 
their uses. Explanations (with Diagrams) of 1 16 joints and hinges, and 
Details of Construction of Workshop appliances, rough furniture, 
Garden and Yard Erections, and House Building — Cabinet-Making 
and Veneering — Carving and Fretcutting — Upholstery — Painting, 
Graining, and Marbling — Staining Furniture, Woods, Floors, and 
Fittings — Gilding, dead and bright, on various grounds — Polishing 
Marble, Metals, and Wood^ — Varnishing — Mechanical movements, 
illustrating contrivances for transmitting motion — Turning in Wood 
and Metals — Masonry, embracing Stonework, Brickwork, Terracotta 
and Concrete— Roofing with Thatch, Tiles, Slates, Felt, Zinc, &c.— 
Glazing with and without putty, and lead glazing — Plastering and 
Whitewashing — Paper-hanging — Gas-fitting — Bell-hanging, ordinary 
and electric Systems — Lighting — Warming — Ventilating — Roads, 
Pavements, and Bridges — Hedges, Ditches, and Drains— Water 
Supply and Sanitation— Hints on House Construction suited to new 




